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(5) INTRODUCTION
The identification and characterization of genes involved in development and progression of

breast cancer is critical to an understanding of the biological mechanisms that regulate growth of
cells in breast epithelium. The emphasis of this project has been originally directed towards the
identification and characterization of several breast cancer tumor suppressor genes located on
chromosome 17. Common for each of these genes was that their approximate physical location had
been delineated either through genetic linkage analysis of hereditary segregation patterns or by
being the target of recurring deleterious events observed as loss of heterozygosity (LOHl) in sporadic
tumors. Since the discovery of the BRCA1 gene by other groups, our experimental focus have been
directed towards the identification of four presumed tumor suppressor genes defined by LOH on
chromosome 17, as proposed in our revised statement of work (SOW). Of these four loci, two are
located at each extremity of the chromosome, while the remaining two areas of LOHl we have
identified flank either side of the BRCA1 locus at 17q21. However, contrary to hereditary tumor
suppressor genes whose position may be determined by genetic linkage analysis, the localization of
tumor suppressor genes by LOH is circumstantial. LOHl does not provide direct evidence as to
whether the region of LOH actually contains a gene critical to carcinogenesis or whether the
deletion is coincidental. Statistically significant areas of LOH indicative of a tumor suppressor gene
can only be determined by analyzing large numbers of specimens. At the same time it holds true that
coincidental deletions provide grounds for mis-interpretation of the position of an actual tumor
suppressor gene. Despite those drawbacks, when our proposal was submitted, this paradigm
represented the most efficient approach to identifying tumor suppressor genes. However, it has
become exceedingly clear that the massive resources applied in various genome centers to establish
both physical and expression maps covering the entire human genome far exceeds the amount of
data that we were able to generate even within the modest areas of chromosome 17 where we have
concentrated our attention. The past three years have been a period of transition for the project and
early on during this period we evaluated the efficiency of our strategy compared to newer, more
global strategies to identify genes critically involved with tumor development and progression. We
have for a long time realized that LOHl guided search for tumor suppressor genes is vulnerable to
critique on several levels. Most importantly among these the rather poor delineation of the tumor
suppressor loci, which consequently requires a significant expansion of the physical mapping
component of the project and thus dramatically augment the number of candidate genes to evaluate.
A different and much broader strategy for identifying any kind of gene involved in tumor formation
and progression, which is not dependent on prior knowledge of location, employs genetic profiling
using high density microarrays. Not only does this technique permnit detection of the expression
profiles of each of a large number of genes in parallel, but it potentially also provides a mechanistic
view of how regulatory pathways are controlled. As we proposed in our newly revised statement of
work (SOW), we have now focused our efforts entirely on microarray-based comparisons to identify
breast cancer related genes. This includes development of robust fluorescent labeling and
hybridization protocols as well as the preparation and testing of redundant human cDNA target
samples for deposition on the microarray slides. Our laboratory has gained access to this technology
through collaboration with Molecular Dynamics who has provided us with an array robot and a
scanning device. In addition, during the past year, we have gained over 40,000 minimally redundant
sequence-verified human cDNAs for deposition on the microarray slides. As proposed, we have
compared expression profiles from several distinct breast cell lines. By scanning 2400 clones on our
first slide array we have discovered 29 genes and ESTs that reveal altered expression patterns as a
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consequence of conditionally expressed dominant-negative P3-catenin in primary breast cells. Once
the full-length sequence of each of the differentially regulated genes has been ascertained and
prioritized, they will be introduced into appropriate cell lines to study their effect on cell
morphology and gene regulation. Experiments have also been carried out to observe regulatory
affects of experimentally transformed breast cells grown in matrigel and comparisons of a larger
collection of primary cells and established cell-lines is being designed.

(6) BODY
The following progress were made during the funded years

Statement of Work - revised October 23, 1995
Task 1, Isolation and characterization of two potential tumor suppressor genes

approximately 1Mb proximal and 1Mb distal of BRCA1.
During the first twelve months of this fundind period, several discoveries have been made

with respect to breast cancer. Most significant was the discovery of Mild et al. (1994) and Futreal et
al. (1994) of the BRCA1 gene itself; however, the genomic environment of BRCA1 has also
revealed several interesting features. Dr. Solomon's group showed that the 5' of BRCA1 gene is in
very close proximity to the 5' of the 1A1-3B gene (Brown et al., 1995), raising the possibility of
studying transcriptional control (transcriptional dominance, positive or negative interference)
among these two genes. Our group has found that the L21 riboprotein is located within the BRCA1
locus, in an intron flanking BRCA1 exon 14. We have made other potentially very interesting
observations by analyzing primary prostate cancers for allelic loss; those results have suggested the
presence of two additional tumor suppressor genes in the immediate vicinity of BRCA1 (Brothman
et al. 1995, see attached reprint). This new information placed us in a position where the resources
available through this grant were adequate to pursue to identify the two potential tumor suppressor
genes immediately flanking BRCA1 and located within our existing physical map of the BRCA1
region. We have identified and published possible candidate genes from these regions during this
period: two novel members of the DLG family of genes, DLG2 (Mazoyer et al. 1995, see attached
reprint), and DLG3 (Smith et al. 1996, see attached reprint) and an ADP-ribosylation factor (Smith
et al. 1995, see attached reprint).

Common to all members of the Drosophila discs-large family of genes are three distinct
structural domains. At the N-terminal are 1-3 somewhat degenerate Drosophila homology regions
(DHRs). DHR motifs are approximately 90 amino acids long and have been shown in vitro to bind
cytoskeletal proteins of the band 4.1 family. A region with homology to src oncogene motif 3 (SH3)
is found in the central part of the discs-large proteins. This motif, approximately 60 amino acids in
length, is known to be a site of protein-protein interactions. Finally, a guanylate kinase domain
(GK) is found at the C-termini of the Dlg proteins. The function of this domain is the catalytic
transfer of phosphate from ATP to GMP, forming GDP. In Drosophila, Dlg has been shown to be a
tumor suppressor (Woods et al., 1989). Additional, and quite compelling, evidence for the
biological importance of the DLG family of genes was recently discovered when it was found that
APC, the tumor suppressor gene responsible for adenomatous polyposis coli (Groden et al., 1991),
interacts on the protein level with the human DLG homolog (Matsumine et al., 1996).

ADP-ribosylation factor (ARF4L) is, based on its predicted protein structure, believed to be
involved in membrane trafficking and protein secretion. Six protein domains have been identified,
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three of which are involved with phosphate/magnesium binding, while the remaining three are
involved with guanine nucelotide binding.

In an experiment designed to directly determine if DLG2, DLG3 and ARF4L are the targets
for the LOH observed in sporadic breast cancers, we obtained paired tumor and normal tissue
samples from 10 individuals who underwent surgical removal of malignant carcinomas. We
extracted DNA and RNA from these samples, and subsequently tested the paired DNA samples for
loss of heterozygosity (LOH). As indicated in figure 1, we used five highly polymorphic genetic
markers located along the long arm of chromosome 17 (Albertsen et al. 1994a, see attached reprint),
three of which lie relatively close to the BRCA1 locus 17 (Albertsen et al. 1994b, see attached
reprint). From among the ten tumors we identified 3 which displayed LOH around BRCA1.
According to the established model for LOH involving tumor suppressor genes, the allele remaining
in the tumor sample would harbor the deleterious mutation. Using RNA extracted from these
tumors we prepared first-strand cDNAs specific to each of the three genes and submitted these
templates for automated sequencing on an AB1373A sequencer (Applied Biosystems, Foster City,
CA). As none of the samples we have sequenced have revealed any mutations, we have no evidence
so far to indicate that either DLG2, DLG3 or ARF4L is the primary target in the region of LOH
flanking BRCA1.

Another part of our project that has yielded good progress during this period is the
identification of two novel genes from the region of LOH encompassing the plakoglobin locus. We
discovered these genes in collaboration with Dr. Robert Callahan at the National Cancer Institute
using the P1 clones 50H1 and 122F4 identified in our laboratory (Albertsen et al. 1994b, see
attached reprint). The first of these genes is the presumed human homologue of the mouse FKBP65
gene (Coss et al., 1995). Genes of the FKBP family derive their names from the immunosuppressant
macrolide antibiotic FK506, because they mediate its activity (in part) by binding to a ubiquitous
family of highly conserved intracellular receptors termed immunophilins (Sigal and Dumont, 1992).
Although FK506 is known to block various signal transduction pathways in normal T-cells, FKBP
genes (including FKBP65) are expressed in most tissues that have been analyzed. The biological
relevance of human FKBP65 to cancer development remains unclear, but once its full-length
sequence is ascertained we will undertake a detailed analysis of the gene and its functional domains.
The second gene we identified in the plakoglobin region was ascertained by coincidence. As part of
the process of determining the genomic structure of the FKBP65 gene, we sequenced several
genomic subclones derived from P1 phage clones 50H1 and 122F4. While analyzing the sequence
of one of these subclones, named 1H2M, I identified a small collection of human ESTs that shared a
segment of almost 300 nucleotides of perfect homology to 1H2M. Further analysis and database
comparisons extended the DNA sequence to approximately 1300 nucleotides, and revealed that the
novel gene shared homology with no other currently known vertebrate gene. However, the protein
translation of the nucleotide sequence showed 40% homology, over a segment of almost 200 amino
acids, to an uncharacterized gene from C. elegans. It is impossible at present to predict the
biological relevance of the novel gene with respect to tumor formation, but the high degree of
protein homology preserved across such distant species suggests a fundamental and probably critical
role.

Another gene that occupied a significant amount of our time and effort was DOC-2, whose
identification and characterization was published (Albertsen et al. 1996, see attached reprint). A
788-basepair segment of DOC-2 was originally identified by differential display between ovarian
carcinoma and normal ovarian epithelial tissue; its expression was greatly reduced or entirely absent
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in a panel of 10 ovarian tumors (Mok et al., 1994). Our ascertainment of DOC-2 was based on
cDNA screening of a fetal retina library (Stratagene # 937202) with P1 clone 124D3. One of the
cDNA clones we identified, 1RA1, harbored a large segment of the genuine DOC-2 gene; however,
we did not realize immediately that the 1RA1 cDNA clone was a chimera between DOC-2 and
DLG3. Consequently, our original attempt to verify the chromosomal location of the 1RA1 clone
clearly indicated that the clone was located in the BRCA1 region. It was not until we were in the
process of determining the genomic structure of DOC-2 that we realized our mistake and found the
correct genomic location of DOC-2 on chromosome 5. Nevertheless, the complete sequence,
genomic characterization, and chromosomal location of DOC-2 have been attributed to the present
Army grant.

Additional expressed sequences from the two regions in question exist, and we intend to do
this by screening for mutations in these genes in sporadic tumors which reveal LOH. Alternatively,
the genes will be tested for their biological roles in tissue culture systems, either through DNA oligo
antisense-mediated suppression of normal gene expression or by transfecting breast epithelial cells
with conditionally induceible expression vectors carrying the genes.

Statement of Work - revised October 23, 1995
Task 2, To identify and characterize the breast cancer tumor suppressor genes on distal

17q and distal 17p using physical reagents identified by the CEPH.
We initiated a physical mapping project to refine the rather crude physical map of 17p. We

have chosen to focus solely on this region in the initial stages of the physical mapping project for
two reasons: a) the 17p region of LOH is better characterized and thereby provides a better
possibility for identifying the tumor suppressor gene(s) located there; and b) with only limited
manpower available to satisfy all aspects of our research proposal it would be unwise to further
dilute our efforts by simultaneously attempting to refine the physical map of the 17q region. During
the first year two developments relating to the chromosome 17p region led us to initiate a refined
physical mapping of l7pter. Of greatest importance was the publication of two novel candidate
tumor suppressor genes in a quite narrowly delimited region of l7p13.3 (Schultz et al., 1996).
While it is not clear whether either of these genes is the target for LOH near the telomere of the
short arm of chromosome 17, an important conclusion can be drawn: the very distal location of the
presumed tumor suppressor locus at the extremity of the chromosome means that the general
numeric relation between genetic distance measured in cM to the physical length measured in Mb,
which exists in the central parts of chromosomes, can not be applied in this case because the
frequency of genetic recombinations is elevated in telomeric regions. This phenomenon
dramatically skews the relationship between genetic distance and physical distance, such that a large
genetic distance actually is contained within a relatively short physical segment of DNA. Schultz et
al., (1996) showed that the 3.5 cM of genetic distance between D17S5 and D17S28, which normally
would be expected to represent a 3.5-Mb genomic region, in reality is contained within a single
cosmid (30kb). If the genetic compression observed in this short telomeric region of the short arm
of chromosome 17 extends beyond the confined segment delimited by the markers D17S5 and
D17S28, the task of refining the physical map in the approximately 15-cM region which harbors the
presumed tumor suppressor gene(s) should be relatively simple. To this end we are now in the
process of obtaining yeast artificial chromosomes (YACs) that have been localized to telomeric 17p
through the genome mapping efforts at the CEPH and the Whitehead Institute at MIT. By cross
referencing these YACs with the genetic markers we have developed and mapped to this region
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(Gerken et al. 1995, see attached reprint), we can identify the exact extent of the existing physical
coverage of the region. The information obtained in that way will allow us to localize potential gaps
in the physical maps and will provide guidance as to where the genomic coverage must be expanded
to complete the physical map of the region.

Our initial strategy for identifying tumor suppressor genes in areas of LOH on chromosome
17 was based on a positional cloning strategy. This strategy is divided into three separate stages.
During the first stage a physical map of a the area of interest is constructed using genomic clones
like YACs, BACs or Pls. Following this stage expressed sequences are ascertained, and as the last
stage the candidate genes are analyzed for mutations in breast tumors to determine if indeed they are
the sought-for tumor suppressor gene. While we successfully have used this approach in the past
(Cawthon et al. 1990; Groden et al. 1991; Joslyn et al. 1991; Viskochil et al. 1990), we recognize
that this strategy is both labor intensive and only moderately efficient. The inherent inadequacies of
the strategy have been further accentuated by the efforts of various genome centers to physically
map and sequence the entire genome and to position expressed sequences along each chromosome,
which have resulted in a very extensive overlap with our efforts. This situation has been difficult for
us to continue and has required us to redefine the means and methods necessary to achieve the
original objective of our project; to identify and characterize genes involved in breast cancer
development and progression. Having evaluated the situation, we determined that we wouldhave to
choose one of the following two experimental paths: a) determining the full-length sequence of
previously mapped genes and screening them for mutations in breast tumors, or b) implementing a
novel cancer gene identification strategy with a wide scope and of high efficiency. We chose to
follow the latter path and in the following sections we describe the two approaches we have
implemented to identify differentially expressed genes and to determine genetic expression profiles.

Statement of Work - revised July 28, 1997
Task 1, To apply the Microarray Scanning technique to identify genes displaying

altered expression levels among breast cell lines.
During the past 3 years most of our efforts have been focused on the completion of Task 1 in

our newly revised statement of work (SOW). As part of this effort is has been our primary goal to
establish microarray analysis as a reliable and reproducible technology to compare gene expression
profiles and identify differentially regulated genes. Work has been carried out in three areas being a)
development of fluorescent labeling and hybridization protocols, b) selection and establishment of a
collection of target genes, and c) gene expression comparisons between several different breast cell
lines.

Development of probe labeling and hybridization protocols.
One of the most critical factors for a successful microarray experiment is the preparation of

fluorescently labeled first strand cDNA to probe the microarray. The Molecular Dynamics
Microarray System allows for dual color hybridization and the two fluorescent dyes we used are
Cy3 and Cy5 from AP-Biotech. The labeling procedure itself is a multi step procedure that involves
extraction of total RNA, mRNA purification and first strand cDNA synthesis. The fluorescent dyes
conjugated to dCTP are incorporated into the cDNA to generate the fluorescent hybridization probe.
We have found that SuperScript II results in better probes than AMV and MMLV reverse
transcriptase, probably because it lacks proof reading ability. A variety of hybridization formats
have also been tested. The most critical features of a successful hybridization with a complex probe
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are to achieve and maintain high probe concentration during hybridization. To increase the probe
concentration we have determined that the smallest practical hybridization volume is 20ýd under a
22mmx60mm coverslip. Steps must also be taken to maintain proper salt concentrations in the
hybridization buffer during incubation (i.e. eliminate evaporative effects). We have found that
sealing the coverslip to the slide during hybridization leaves a fluorescent signature that affects the
hybridization signal. In the procedure we currently employ the coverslip is not sealed, but the
incubation takes place in a closed humidified chamber.

Selection and preparation of target cDNA clones.
A key reagent in microarray analysis is the collection of genes deposited on the array slide

against which the levels of expression are measured. In our last annual report, we mentioned that we
had obtained 23,000 minimally redundant cDNA clones from Genome Systems (St. Louis) and
Research Genetics (Huntsville, Al). The procedures we have implemented to process this large
number of clones are divided into multiple steps. In the first, mini cultures of each clone were
grown and each plasmid DNA was purified in the 96-well plate format. Using the plasmid as a
template in a PCR reaction in conjunction with vector based primers, the insert cDNAs were
amplified. Following gel analysis and colorimetric analysis of the PCR yield, the PCR products
were purified, still using the 96-well format, and deposited to the array slides. Although these
23,000 cDNA clones had been successfully used for our microarray experiments (such as Karpf et
al. 1999, see attached reprint), we were later informed that about 30% of cDNA clones had been
mislabeled by the company. However, fortunately during the past 6 months we were able to gain a
new set of over 40,000 minimally redundant sequence-verified human cDNA clones from Research
Genetics. These sequence-verified cDNA clones are now successfully processed and ready for the
large-scale microarray experiments.

Analysis of primary breast cells with conditionally induced dominant fi-catenin.
P3-catenin has resently been shown to act as an oncogene in certain biologic models and to

study the gene regulatory effects of the cancer pathway driven by Wnt signaling in breast cells,
human primary epithelial mammary cells were transfected with a conditionally suppressible
dominant-negative 03-catenin construct as mentioned above. Excessive stimulation of this pathway
and certain types of mutations have been shown to involve the formation of a persistent
transcriptionally active complex of 13-catenin and LEF1. mRNA from several different primary
breast cultures, with and without induced 13-catenin, was prepared and fluorescently labeled for dual
color hybridization on microarray slides representative of 2400 unique cDNAs. Twenty-nine
different genes have been identified in repeated experiments as differentially expressed and are
listed in Table 1. To confirm that the microarray observations are correct Northern analysis of each
differentially expressed gene is being undertaken. In Figure 1 we show that Psoriasin, which
displayed a 3-4 fold increase in abundance judging from the microarray analysis reveal similar
differences in abundance when tested by Northern analysis.

Statement of Work - revised July 28, 1997
Task 2, Characterization of growth and morphologic effects of conditionally expressed

candidate cancer genes in cultured breast cells.
Comparison of three conditional expression vector systems.
To identify a conditional expression system we compared a dominant-negative P-catenin

construct (N-terminal deletions, dN131 and dN151) in three different conditionally
inducible/suppressible vectors, pRetro ON, pRetro OFF (Clontech) and LINX (Hoshimaru et al.
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1996). These vector DNAs were transfected into the Phoenix Amphotropic packaging cell line (Dr.
Garry Nolan) and the resulting infectious viral particles produced were used to infect primary
human mammary epithelial cells. After two weeks of drug selection in either 0.5 [tg/ml Puromycin
(for pRetro ON and pRetro OFF) or 100 [tg/ml G418 (for LINX), cells were treated with or without
lOng/ml doxycycline (DOX) for 48 hours. Total cell extracts were subjected to Western analysis
using anti-C-terminal 13-catenin antibody (Figure 2a). To demonstrate that induced dominant 13-
catenin is functional, cells were infected with LINX vector control and LINX with inducible
dominant 13-catenin gene (dN131) and subsequently transiently transfected with luciferase reporter
construct, TOP FLASH, containing LEFM responsive element in its promoter (obtained from Dr.
Hans Clevers). As shown in Figure 2b, the relative activity of the LEFl-reporter construct showed
2.5 fold increase in activity following induction of 13-catenin. Based on these results we have
selected the LINX for future experimentation.

Characterization of growth and morphologic effects in cultured breast epithelial cells.
The consequences of mutations in regulatory genes, such as p53, Rb and BRCA1 genes,

should be associated with observable cellular and molecular changes. Bisssell et al. have shown that
culturing human mammary epithelial cells in an extracellular matrix called Matrigel provides a
functionally relevant microenvironment conductive to form three-dimensional structures collagen
(Weaver et al. 1996, Weaver et al. 1997). Normal cells will form differentiated spheroids with a
central lumen. These structures express certain cell lineage markers such as sialomucin at the apical
membrane and type IV collagen at the basal membrane. Breast cancer cells, however, are
disorganized and lack polarized expression of these markers (Weaver et al. 1996, Weaver et al.
1997). In collaboration with the Bissell laboratory, we have established three-dimensional culture
system in our laboratory. As an initial attempt to test the sensitivity of this culture system on
morphology and growth due to the altered expression of tumor suppressor or growth control genes,
we created human mammary epithelial cells (HMEC) deficient for pRB by infecting primary
outgrowth from breast organoids with the human papillomavirus type 16 (HPV16) E7 gene
(Spancake et al. 1999, see attached reprint). HPV16 E7 binds to and inactivates pRB, and also
causes a significant down-regulation of the protein. Culturing normal HMIEC in a reconstituted
basement membrane (rBM) provides a correct environment and signaling cues for the formation of
differentiated, acini-like structures. When cultured in this rBM, HMEC+E7 were found to respond
morphologically as normal HMEC and form acinar structures. In contrast to normal HMEC, many
of the cells within the HMEC+E7 structures were not growth arrested as determined by a BrdU
incorporation assay. pRB deficiency did not affect polarization of these structures as indicated by
the normal localization of the cell-cell adhesion marker E-cadherin and the basal deposition of a
collagen IV membrane. However, in HMEC+E7 acini we were unable to detect by
immunofluorescence microscopy the milk protein lactoferrin or cytokeratin 19, both markers of
differentiation expressed in the normal HIMIEC structures. These data indicate loss of RB in vivo
would compromise differentiation, predisposing these cells to future tumor-promoting actions,
suggesting that this culture system would be suited to examine the function of other tumor
suppressor and growth control genes.
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(7) KEY RESEARCH ACCOMPLISHMENTS
"* DLG2, DLG3, and ARF4L genes were mapped to BRCA1 flanking region. However, we

have no evidence so far to indicate that either DLG2, DLG3 or ARF4L is the primary target
in the region of LOH flanking BRCA1.

"* We have established the microarray spotting and scanning system with over 40,000
minimally redundant sequence-verified human cDNA clones.

"* We have established a reliable retroviral-based conditional expression system.
"* We have established a system to examine the growth and morphological properties of

human breast epithelial cells cultured in an extracellular matrix (Matrigel).
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(9) CONCLUSIONS
During the funded period, the overall goal of our project is to identify genes involved with

the development and progression of breast cancer. This goal has remained unchanged since the start
of the project, but the discovery of BRCA1 in 1994 together with technological advances in gene
expression profiling has influenced our strategy to achieve this goal. In the early part of the project
our search for tumor suppressor genes was directed by genetic or LOH mapping strategies followed
by positional cloning of candidate genes. As we proposed in our revised statement of work (SOW),
we have focused our efforts entirely on the development of microarray-based comparisons to
identify breast cancer related genes and further characterize the change in morphology and growth

12



of human mammary epithelial cells conditionally expressing the breast cancer related genes using
the Matrigel culture system.
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(11) APPENDICES
Materials and methods

Cell Culture and retroviral infection.
Surgical discard material from reduction mammoplasties was minced with opposing

scalpels, placed in digestion buffer, and incubated in spinner flasks at 37'C until stroma dissolved
(approximately three to five hours). Digestion buffer contained 1 unit/ml Collagenase D (Roche
Molecular Biochemicals, Indianapolis, IN), 2.4 units/ml dispase (Roche Molecular Biochemicals),
and 6.25 units/ml DNase (Sigma, St. Louis, MO) in Dulbecco's phosphate buffered saline. The
digested material plus 10% fetal calf serum (FCS) was centrifuged at 800 rpm for 10 min. The
resulting pellet was resuspended in wash buffer and the organoids were separated from stromal and
blood cells by sequential sedimentation at lx g. Organoids were cultured immediately or frozen in
Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (Ham) 1:1 (GibcoBRL, Gaithersburg,
MD), 10% FCS, and 10% dimethyl sulphoxide. Organoids were cultured on plastic in CDM3
culture media for primary breast epithelial cell outgrowth and subculture. Primary epithelial
outgrowth was infected with an LXSN retroviral construct containing the human papilloma virus
type 16 E7 gene (LXSN16E7). HMEC were incubated with LXSN16E7 in CDM3 plus 4 Ag/ml
polybrene (Sigma) for 24 h. Viral supernatant was aspirated and HMIEC were cultured in virus-free
CDM3 for 48 h prior to selection in CDM3 containing 50 jig/ml Geneticin (Gibco BRL). Early
passage HMEC (either passage one or two) and HMEC containing LXSN16E7 (HMEC+E7) were
cultured in a rBM, Matrigel (Becton Dickinson, Bedford, MA), as previously described. Briefly, 2.5
x 105 HMEC were resuspended as single cells in 300 R1 of 10 mg/ml Matrigel per well and plated
onto Nunc 4-well multidishes coated with 100 g1 Matrigel. Matrigel cultures were overlaid with 500
[tl CDM3.

15



Table 1.
Image ID Clone definition

1 358433 Human retinoid X receptor-gamma mRNA, complete cds
2 295401 ESTs
3 1088345 S100 calcium-binding protein A7 (psoriasin 1)
4 276282 ESTs
5 269017 Human 0-linked GIcNAc transferase mRNA, complete cds
6 545239 Neutrophil Gelatinase-Associated Lipocalin Precursor
7 882141 DNA G/T mismatch-binding protein
8 283063 MHC class II DQ-beta associated with DR2, DOwi protein
9 156431 Ciliary neurotrophic factor receptor
10 770435 Transcription factor p65
11 700466
12 277134 ESTs
13 275272 ESTs
14 273039 ESTs
15 283618 ESTs
16 23240 SM22-alpha homolog
17 627104 Human alpha-tubulin mRNA, complete cds
18 33934 ESTs
19 610187 Proteasome Component 09
20 592947 Autoantigen PM-SOL
21 46743 ESTs, Highly similar to RAS-related protein RAP-1 B
22 23904 ESTs
23 264369 ESTs, Highly similar to GLUCOSYLTRANSFERASE ALG8
24 200531 ESTs
25 126783 ESTs
26 201891 ESTs
27 265684 ESTs
28 261971 Metallopeptidase 1 (33 kD)
29 129503 ESTs

The genes listed in this table showed 3x fold or more variation in expression levels in a comparison
between primary human mammary cells, with and without induced P3-catenin.

Figure 1.
This figure shows a Northern Blot of four Vector 131-5 131-10 15"-3 151-9
different cell lines transfected with the + + ÷ " - +

LINX P3-catenin construct and the vector
control. In absence of Doxycilin (indicated <
by -) O3-catenin is over-expressed resulting
in a three fold up-regulation Psoriasin.
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Figure 2.
a. Conditionally inducible vectors. -C LINX LINX
To test the efficacy of the tetracycline regulatedE dN131 dN151
retroviral vector system, dominant-negative b- -U - ---0
catenin genes were cloned into pRetro Off, .. + - + DOX
pRetro On, and LINX. Following packaging,
transfection into primary human mammary pRetro ON -ww b t o.-- endogeneous

epithelial cells and two weeks of selection, total
cell extracts were subjected to Western analysis pRetro OFF .. ,.o - -*-- endogeneous
using anti-C-terminal j3-catenin antibody. As -- exogeneous
shown here, cells infected with pRetro ON
construct did not induce dominant 13-catenin at 6W" 4- exogeneous
all. Cells infected with pRetro OFF induced
dominant 03-catenin in response to DOX
removal, however the amount induced (shown as exogeneous) were much less than that of endogeneous
protein. On the other hand, cells infected with LINX vector construct produced great response in both
inducibility and amount.

b. LEFI-Luciferase Reporter Assay.
Shown here are relative LEFl-reporter activities indicating that
induced dominant f3-catenin is in fact functional in regard to <L..

activating genes containing LEFM responsive element. - .....

0

CL.

a------------------------ --

U_

-a
r-

(J

0

4)

Control dNl3l

LI + DOX (uninduced)
-DOX (induced)
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Loss of Chromosome 17 Loci in Prostate Cancer Detected
by Polymerase Chain Reaction Quantitation of
Allelic Markers

Arthur R. Brothman, Michael R. Steele, Briana J. Williams, Emma Jones, Shannon Odelberg, Hans M. Albertsen,
Lynn B. Jorde, L Ralph Rohr, and Robert A. Stephenson

Departments of Human Genetics (A.R.B., S.O., H.M.A., L.B.J.), Pediatrics (A.R.B., MR.S., B.J.W., E.J.), Pathology (L.R.R.), and Urology
(R.A.S.), University of Utah School of Medicine, Salt Lake City, Utah

Using a polymerase chain reaction/microsatellite marker system, we demonstrated that 6 of 22 (27%) clinical stage B (early)
primary prostate tumors showed loss of heterozygosity at one or more of five loci on chromosome 17. The sensitivity of this
study was increased by use of a Phosphorlmager and statistical analysis of replicate tumor-normal DNA pairs. Two patients
showed tumor-specific interstitial loss at a locus in close proximity to the familial breast cancer gene BRCAI. These findings
suggest that genes on the proximal long arm of chromosome 17 play a pivotal role in the early development of at least a subset
of prostatic tumors. Genes Chromosom Cancer 13:278-284 (1995). © 1995 Wiley-Liss, Inc.

INTRODUCTION tions in the TP53 gene have also been observed in

Prostate cancer is the most common cancer in a rare subset of advanced prostate tumors (Effert et

males in the United States, with an estimated al., 1992; Bookstein et al., 1993). Recently, Brew-

200,000 new cases in 1994 (Boring et al., 1994), yet ster and colleagues (1994) have observed loss at the

the etiology of this disease is still poorly under- nm23-H1 locus on 17q in one late-stage prostate

stood. Genetic and cytogenetic changes have been tumor,; however, no reports have indicated loss of

associated with the disease, but no consistent cel- regions on the long arm of chromosome 17 in early-
lular abnormality has been observed. The recent stage tumors.
use of fluorescence in situ hybridization (FISH) The susceptibility gene for familial breast and

techniques with chromosome-specific probes has ovarian cancer, BRCA1, is located on the proximal

suggested that chromosome 17 (i.e., the whole long arm of chromosome 17 (Miki et al., 1994) and

chromosome) is frequently lost in prostate tumors has been theorized to be involved in prostate can-

(Brothman et al., 1992, 1994; Jones et al., 1994); cer (Arason et al. 1993; Ford et al., 1994). There-
hence, we sought to evaluate primary tumor tissue fore, we chose to study markers near BRCA1 in our
for molecular abnormalities of this chromosome. initial screen for loss of heterozygosity (LOH) on

Several molecular studies have been published chromosome 17, to our knowledge, previous stud-
in which certain chromosomal regions are lost in ies included only markers on distal 17q.
prostatic tumors, suggesting that loss of a tumor The considerable cellular heterogeneity within

suppressor function may be involved in this dis- the prostate gland creates difficulties in allelotyp-
ease. Loss of loci on the short arm of chromosome ing of these tumors. Some investigators have used

8 is, to date, the most frequently observed loss in microdissection of apparent tumor tissue for DNA

prostate tumors (Bergerheim et al., 1991; Kunimi preparation (Bova et al., 1993; Macoska et al.,

et al., 1991; Bova et al., 1993; Macoska et al., 1993; MacGrogan et al., 1994), whereas others

1993). A putative tumor suppressor gene in this have limited their analysis to gross pathologic char-

region has been associated with other solid tumors, acterization prior to DNA extraction (Bergerheim
including hepatocellular, colorectal, and lung can- et al., 1991). Even with the most careful microdis-

cers (Emi et al., 1992, 1993). Chromosomal loss sections, however, some proportion ofcontaminat-
has also been observed in prostate cancer at sites ing normal epithelial cells or of fibroblastic stromal

including 5q, 10p, 10q, 16q, 17p, and 18q (Carter cells remains. We have approached the problem of

et al., 1990; Bergerheim et al., 1991; Kunimi et al., Received November 29, 1994; accepted March 31, 1995.

1991; Brewster et al., 1994; Latil et al., 1994).
Macoska and colleagues (1992) have shown that Address reprint requests to Arthur R. Brothman, PhD, Depart-
there is loss of short-arm material from chromo- ments of Pediatrics and Human Genetics, 1C204 University ofUtah

Medical Center, University of Utah School of Medicine, Salt Lake

some 17 in metastatic prostate tumors, and muta- City, UT 84132, U.S.A.

© 1995 Wiley-Uss, Inc.
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cellular heterogeneity in our specimens by relying Development and Mapping Group: UT7
on the gross histopathologic evaluation of adjacent (D17S752), UT573 (Dl7S902), and UT752
tumor specimens and by analyzing multiple repli- (D17S907) located on the long arm of chromosome
cations of polymerase chain reaction (PCR) prod- 17 (Utah et al., in press), and UT751 (D17S906)
ucts with a Molecular Dynamics Phosphorlmager. and UT5265 (D17S 1149) located on the short arm
Using this technique, we have observed tumor- of chromosome 17 (Albertsen et al., 1994). In ad-
specific losses of regions on chromosome 17 in 6 of dition, a polymorphic marker for the short arm of
22 (27%) of the patients evaluated. Furthermore, chromosome 8 at the LPL locus (Zuliani and
we have confirmed these results by using a novel Hobbs, 1990) was analyzed for each tumor-normal
FISH approach for deletion detection with se- DNA pair for information on an independent chro-
lected single-copy P1 clones serving as probes mosome and as a test for efficiency of our PCR
(Williams et al., 1995). technique in comparison to frequencies of loss ob-

served at this locus by others.
MATERIALS AND METHODS

Specimens PCR
One member of a specific primer set was labeled

Twenty-two primary prostate tumor specimens at the 5' end with [3 2P]gamma ATP (New England
obtained from radical prostatectomies at the Uni- Nuclear-Dupont) by use of polynucleotide kinase
versity of Utah School of Medicine were prepared
for DNA and single-cell preparations. A central (Boehringer Mannheim). The PCR was optimizedsecton f a of ndulrit wasobtine at and performed with a Techne PHC-3 thermal cv-
suetioy an aregion ofcnt secti was evained at cler with a mixture of each primer set (1:100 radio-
surgery, and an adjacent section was evaluated his-actively labeled to unlabeled primer), dNTPs
topathologically as described previously (Jones et (Pharmacia), 0.001 U/a.d Taq polymerase (Boeh-

al., 1994). All specimens were from patients who ringer Mannheim), 2 mM spermidine, and PCR
had early (clinical stage B) cancer at evaluation, buffer ( i0 mM Tris-H2 I, pH 8.8 , 40 M C I

Tumor specimens were coded and separated for . Cl, pH 8.8, 40 mM NaCI

various other studies in this laboratory, containing'specific concentrations of Mg2+ rangingvrosohrongoing suisnthslbroy, from 1 to 2 maM).

and portions were frozen in liquid nitrogen for sub-

sequent DNA extraction. A peripheral blood sam- Analysis of PCR Product
pie was obtained prior to surgery from each patient After amplification of the PCR product, the sam-
for direct preparation of constitutional DNA and pies were run on an acrylamide denaturing gel con-
for immortalization to a lymphoblastoid line. taining 7% acrylamide [38:1 acrylamide:bisacryla-

DNA Extraction mide (BioRad), 32% formamide (BRL), 5.6 M

Frozen tissue was ground with a micropestle, urea, and Tris-borate-EDTA buffer] and exposed
incubated in a lysis buffer (10 mM Tris, pH 8.0, overnight at -80'C in an X-ray film holder with

100 mM NaCI,. 1 mM EDTA, 1% SDS, and 0.2 intensifying screen and Amersham Hyperfilm MP.

mg/mi proteinase K) at 37°C overnight, phenol- Images were both evaluated visually and analyzed

chloroform/isoamyl alcohol extracted, and ethanol with a Molecular Dynamics Phosphorlmager. After

precipitated prior to resuspension in 10 mM Tris/ exposure to X-ray film, the gel was placed against

0.1 mM EDTA buffer. DNA was extracted from a Phosphorlmage screen for 20 minutes to 16 hour,

peripheral blood that was first treated with Triton depending on signal intensity. A digital image was

X lysis buffer (0.32 M sucrose, 10 mM Tris-HCI, obtained and was then analyzed by the drawing of

pH 7.5, 5 mM MgCI,, I% Triton X-100), followed boundaries around each allelic band, subtraction

by treatment of pelleted nuclei with a buffer con- of local background, and integration of the volume
taining 1% SDS/0.075 Ni NaCI/0.024 M EDTA, of each band. The value of the top band was alwaystainng 1 SD/0.05 MNa~l0.04 M DTA taken as a percentage of the bottom band.
pH 8.0, and 0.25 mg/ml proteinase K overnight at
37°C. DNA was isolated the following day by phe- Statistical Analysis
nol and chloroform/isoamyl alcohol extraction and
ethanol precipitation prior to resuspension in Tris- At least four replicates (separate aliquots of theEDTA buffer (Bell et al., 1981). same DNA isolates) of each tumor and the corre-

sponding normal sample were run in parallel on the
Microsatellite Primer Sets Phosphorlmager, and differences were then eval-

Primer sets for the following markers were gen- uated for significance by use of the nonparametric
erated through the Utah Genome Center Marker Mann-Whitney U test. This is considered a robust
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TABLE I. Control Mixing Experimenta

95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5

100 + + + + + + + + + + + + + + + + + + +
95 .-.. + + + + + + + + + + + + +
90 . ..- + + + + + + + + + + + + +
85 - - + + + + + + + + + + + + + +
80 - - + + + + + + + + + + + + +
75 . . . . . + + + + + + + + +

70 + + - + + + + + + + + - + +
65 - - - + + + + + + + + +
60 - - + + + + + + + + +
55 - + + + + + + + + +

50 - + + + + + + + +
45 + + + + + + + +
40 - + + + + + +
35 + - + + + +
30 - + + + +
25 + + + +
20 + + +
15 - +
10 +

'Comparison of percent-mixed groups of normal (two-allele) DNA to increasing percentages of the tumor (one-allele) DNAs. Values represent percent
normal DNA: + and - signify difference or no difference, respectively, by the Mann-Whitney U test for eight replicates when Phosphorlmager data at
the percentages shown on the x and y coordinates of this table were compared.

test and is preferable to a parametric Student's t ogous to "tumor" DNA in the experiment). The
test, because it does not assume a normal distribu- patient whom we chose for lymphoblastoid DNA
tion. Four replicates were used for all initial eval- contained an allele at UT573 identical to that of
uations; if overlapping values were detected for cell line MH-22.6. These DNAs were combined to
allele ratios between tumor and normal specimens, simulate normal DNA contamination of tumor
then additional replicates were evaluated applying DNA at 5% increments from 0 to 100%. UT573
the Mann-Whitney U test to all accumulated val- primers were used for PCR amplification and sub-
ues. We performed a power analysis to determine sequent Phosphorlmager analysis as described
the probability of incorrectly rejecting the null hy- above; eight replicates (from separate PCR reac-
pothesis of no difference (presence of LOH, type I tions) were tested for each mixture.
error) and the probability of incorrectly accepting
the null hypothesis of no difference (no LOH, type
II error). If the type I error is fixed at 0.05 (i.e., the RESULTS
significance level for deciding that an allele has
been lost), then the Mann-Whitney U test yields
type II error levels of 0.11 when eight replicates are The results of the simulated "tumor-normal"
used and 0.35 when four replicates are used. cell contamination areshown in Table 1. Whereas

we were able to detect allelic imbalance in this
Controlled experiment for LOH experiment with 95% contaminating normal DNA,

To ascertain the sensitivity of the Phosphorlm- the experiment in Table 1 was designed to repli-
ager quantitation, we performed a controlled mix- cate other unforeseen variables such as differential
ing experiment by using DNA from a lymphoblas- allelic intensities. This was done by extending our
toid line from a patient who was informative for analyses to decreasing amounts of tumor DNA
marker UT573 (analogous to "normal" DNA) and compared to less than 100% "control" or normal
DNA from cell line MH-22.6 (Coriell Institute for DNA. Although allelic imbalance was generally de-
Medical Research, Camden, NJ). This human/ro- tected in high amounts of normal DNA, the lowest
dent somatic cell hybrid line contains a single copy observed imbalance was seen at 60% contaminat-
of human chromosome 17 and, thus, shows only ing normal (75% value, which did not detect allelic
one allele when primers for UT573 are used (anal- loss until at least 45% of normal DNA was present;
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Fgure 1. Representative autoradio-
graphs of replicates showing LOH in

`6• PCR products at different loci. The var-
ious markers and corresponding speci-
mens (UCAP number) are as follows, a:

C -LPL (UCAP 14). Arrows indicate allelic
bands. b: UT751 (UCAP 18). c: UT752

d (UCAP 24). d: UT573 (UCAP 24).

TABLE 2. Summary of Informativeness and LOH Data for imbalance study. If there was any overlap in values
Markers Used where ratio differences were suspected (seen for

UCAP 24 with the marker UT752 in Table 3), then
we ran additional PCR amplifications and gels to
confirm or refute our initial observations.

LPL 8p22 13 of 22 (59) 5 of 13 (39)
UT7 17 q21.3 14 of 22 (64) I of 14 (7) A summary ofthesedata is shown in Table 4 and
UT573 17q21.2 16 of 22 (73) 4 of 16 (25) is depicted in the partial map of chromosome 17 in
UT752 17q1 1.2-12 18 of 22 (82) 4 of 18 (22) Figure 2. Values in Table 4 represent mean allelic
UT751 17 pt2-13 19 of 22 (86) 3 of 19 (16) ratios determined by Phosphorlmager analysis.
UT5265 17p12-13 15 of 22 (68) 4 of 15 (27) Hence, in general, the closer these values are to

100%, the more likely it is that tumor and normal
values were identical. It is important to remember,
however, that the statistic used (Mann-Whitney U

45%/75% = 0.6). Overall, these results confirm test) also takes into account the possibility of over-
our prediction that we can detect loss in a highly lap in values (see the example discussed above).

contaminated background. The relatively conser- Because we have chosen a significance level ofP P-
vative Mann-Whitney U test criteria were used for 0.05, we are 95% confident that LOH detected
the following analysis of prostate tumors. represents true loss. Values that appear to deviate

from 100% and were not significant (e.g., UCAP 5
LOH at marker UT5265) represent mean values, but a

Tumor-specific allelic losses on chromosome 17 wider range of PhosphorImager data deemed these
were observed in 6 of 22 prostate cancer specimens loci insignificant.
(27%) with the markers used in this study. A sum- It can be seen in Figure 2 and Table 4 that two
marv of informativeness (frequency of heterozygos- patients showed interstitial loss on 17q (UCAP 24
ity) of the markers used and the LOH observed is and UCAP 30), one patient showed an apparent loss
shown in Table 2. Representative autoradiographs of the entire chromosome 17 (UCAP 18), one pa-
of replicates showing varying degrees of loss at par- tient showed only short-arm loss (UCAP 17), and
ticular loci for individual patients are presented in one patient showed loss at both distal ends of chro-
Figure 1, with corresponding Phosphorlmager data mosome 17 (UCAP 29). Loss of UT573 was also
in Table 3. The numerical data from the Phosphor- seen in UCAP 28, whereas the most centromeric
Imager analysis were chosen because they provide long-arm marker was retained. Because the distal
an objective measurement for allelic loss and an marker, UT7, was uninformative for that specimen,
increased sensitivity over visual detection, which we have not considered this to be an interstitial loss.
can be seen when data from Figure 1 and Table 3 For a positive control, primers at an indepcndent
are compared. When all data were evaluated, loss chromosome 8 locus were tested in a similar man-
of the large (upper band) or small (lower band) ner. Loss at the LPL locus on chromosome 8 was
allele was seen, which is expected in any allelic observed in five cases (39% of informative cases)
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TABLE 3. Representative Phosphorlmager Allele Ratios for Corresponding
Photographs in Figure Ia

Locus (Specimen) Allele ratio, tumor Allele ratio, normal

LPL (UCAP 14) 27.9/25.4/32.2 67.8/70.1/71.4
UT751 (UCAP 18) 30.1/31.6/34.0/37.1 51.0/54.4/60.8/50.3
UT752 (UCAP 24) 91.2/105.8/106.3/82.4 103/I 14.2/104.9/I 12 .8 b

UTS73 (UCAP 24) 47.3/51.2/54.2/53.8 92.9/101.9/100.6/96.3

'Corresponding numbers in each series represent adjacent lanes in Figure I.
bBecause of the overlapping values in this series, additional replicates were evaluated, and the

statistical power was thus increased (final analyses for UCAP 24, see Table 4).

TABLE 4. Primary Prostate Tumor/Normal Phosphorlmager Data and Significant Loss at Five
Chromosome 17 (UT) Markers and One Chromosome 8 (LPL) Marker

Microsatellite markers

Specimen UT7 UT573 UT752 UT751 UT5265 LPL

UCAP 2 N N 96 84 N 99
UCAP 3 94 N 99 N 88 N
UCAP 4 89 N 93 N 99 N
UCAP 5 94 98 N 99 60 N
UCAP 6 97 93 92 93 66 96
UCAP 14 89 92 99 94 96 47a

UCAP 16 N 99 85 79 N N
UCAP 17 N 94 N .43a 57a 573
UCAP 18 N 873 75a 61a 79a N

UCAP 19 99 98 98 99 99 N
UCAP 20 91 95 93 97 86 N
UCAP 21 88 99 99 99 83 94
UCAP23 97 98 88 67 N 99
UCAP 24 96 54a 82r 98 N 52a

UCAP 25 89 95 98 95 N N
UCAP 26 N 92 93 96 93 94
UCAP 27 N N N 83 93 76
UCAP 28 N 54a 96 49a 42a 50a
UCAP 29 903 N 96 98 69' N
UCAP 30 95 83a N 96 94 99
UCAP 31 100 94 92 99 N 95
UCAP 33 N N 90 N N 631

"LOH. Numbers represent percentages of the normal vs. tumor allele ratios for the mean values for each
informative set of replicates [(allelic tumor ratios/allelic normal ratios) x 100]. Significance values (P !S 0.05)
show that tumor allele ratios differ from normal allele ratios using the Mann-Whitney U test. In general, the
closer a number is to 100%, the closer all replicate Phosphorlmager values were between tumor and normal
pairs. N, noninformative.

including UCAP 18, UCAP 24, and UCAP 28, ated with prostate carcinogenesis. Oshimura and
which showed loss of loci on chromosome 17 as well. Sandberg (1975) noted isochromosomes for 17q in

a metastatic prostate tumor as early as 1975. In our
DISCUSSION laboratory, FISH analysis has demonstrated whole

The results of this study suggest that deletions chromosome 17 loss in both cultured and archival
or LOH on the long arm of chromosome 17 may be prostate cancer specimens (Brothman et al., 1992,
involved in some early-stage prostate tumors. Al- 1994; Jones et al., 1994).
though allelic loss on 17q has not been reported There have been observations of an increased
previously in early-stage prostate tumors, previous incidence of prostate cancer in families that show
cytogenetic and molecular cytogenetic data indi- linkage for breast cancer. Arason and colleagues
cated that changes in chromosome 17 were associ- (1993) proposed that breast cancer genes may pre-
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17 18 24 28 29 30 centromere show deletions. Loss of one entire

1 - Tu5265 4 1 • chromosome in this sample was also observed by
r1,12 FISH studies with pericentromeric probes (Jones

111uT751 4
"1.2 et al., 1994) and a combination of pericentromeric

2- u and PI probes (Williams et al., submitted). Whole-
21.2,,

22 chromosome loss is an alternative mechanism that
23 uT573 would reveal the presence of a tumor suppressor
24 . T7

25T _,7 locus. UCAP 28 and UCAP 29 both yielded un-
17 usual results, in that there appears to be interstitial

retention of chromosome 17 material (see Fig. 2).
Figure 2. Schematic showing the location of the polymorphic mark- Te sen t wo chses osug e th at ea co p e r rg e-

ers (to the right of the ideogram) and regions lost in the six prostate These two cases suggest that a complex rearrange-
tumors (UCAP 17, 18, 24, 28, 29, and 30). Solid circles represent allelic ment including the region near 17q21 has taken
loss, open circles represent allelic retention, and triangles indicate that a
marker was uninformative (homozygous at the locus studied). place; alternatively, two or more deletional events

may have occurred.
dispose individuals to prostate cancer, based on a The use of the Phosphorlmager, in addition to
study of seven Icelandic families and association of the evaluation of replicate specimens, has proved
17q12-q23-linked markers. Furthermore, carriers invaluable in overcoming the problem of contami-
of mutations in a gene predisposing to breast and nating normal or stromal cells in our LOH study of
ovarian cancer (BRCAI) have recently been shown prostate cancer. Microdissection of tumor tissue is
to have an increased risk of colon and prostate can- a feasible alternative to multiple replicate analyses;
cer (Ford et al., 1994). Markers that we chose for yet, nontumor cells may persist in considerable
this initial study included those that mapped near amounts and cannot be eradicated completely.
the BRCA1 locus, because we sought to determine Bookstein and coworkers (1993) have very recently
whether this locus was deleted in prostate cancers. taken a similar approach to the analysis of prostate
In light of the recent isolation of the BRCA1 gene tumor specimens with Phosphorlmager-analyzed
(Miki et al., 1994), we have now determined that data of marke'rs on chromosome 8 but have exam-
the most frequently lost marker, UT573, is within ined a single measurement of each tumor/normal
1 Mb of BRCA1. Clearly, additional markers, in- DNA pair for each specimen (Cher et al., 1994;
cluding any that span BRCA1, must be evaluated. MacGrogan et al., 1994). An advantage of limiting

Our findings suggest that a locus near BRCA1 may analyses to a single pair of DNAs is that many more
be involved in early prostate cancer progression. markers can be readily evaluated, but this may be
Particularly interesting are specimens UCAP 24 and at the expense of sensitivity. The use of replicate
UCAP 30, which show interstitial deletions on the samples increases the statistical power for evalua-
long arm of chromosome 17 (Fig. 2) in a region in tion and helps eliminate artifacts. The frequency
close proximity to BRCA1 (Miki et al., 1994; of loss we observed at LPL (39% of informative
Williams et al., submitted). UCAP 28 also shows cases) is comparable to that detected by MacGro-
specific loss on 17q at UT573, but we have not yet gan et al. (1994), where 43% of informative cases
determined whether this is interstitial, because the showed LOH when a combination of three LPL
distal long-arm marker (UT7) was uninformative for polymorphic sites was used . It should also be
this specimen. This specimen also showed loss of noted that, although a limited number of markers
both short-arm markers. Likewise, both UCAP 17 has been evaluated at other chromosomal sites, we
and UCAP 29 showed specific loss of chromosome have not yet detected a high frequency of LOH on
17 short-arm material. Therefore, we suggest that chromosomes other than 8 or 17 in prostate tumors
other regions on chromosome 17, including portions using these methods.
of the short arm, may also be involved in prostate Our method appears highly reliable and sensi-
cancer. Previously, mutations in the TP53 gene on tive, having the ability to detect LOH in tumor
17p have been observed in advanced-stage prostate cells with a relatively high background of normal
tumors (Macoska et al., 1992; Latil et al., 1994). cells. The mixing experiment (Table 1), in which
Whether there are abnormalities in TP53 or there is normal DNA from one patient was added to a by-
involvement of a different locus on 17p in our spec- brid cell line containing one copy of chromosome
imens remains to be seen. 17 with an allele identical to that seen in the nor-

One specimen in the current study, UCAP 18, mal control, presents information about both the
appears to have lost an entire chromosome 17, be- sensitivity and the limitations of the multiple-rep-
cause all informative markers on both sides of the licate PCR approach. Our data suggest that allelic
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losses are detectable well above the traditionally (1993) p53 is mutated in a subset of advanced-stage prostate can-
cers. Cancer Res 53:3369-3373.accepted 50% level of contaminating normal cells Boring CC, Squires TS, Tong T, Montgomery S (1994) Cancer

(Table 1). Our analysis shows that this system has statistics. CA J Clin 44:7-26.
Bova GS, Carter BS, Bussemakers MJG, Emi NM, Fujiwara Y,high sensitivity for LOH detection with only a Natasha K, Jacobs SC, Robinson JC, Epstein JI, Walsh PC, Isaacs

moderate probability of missing LOH where it ac- WB (1993) Homozygous deletion and frequent allelic loss ofchro-
mosome 8p22 loci in human prostate cancer. Cancer Res 53:

tually may be present. Thus, our detection rate of 3869-3873.

27% of primary tumors with loss of chromosome 17 Brewster SF, Browne S, Brown KW (1994) Somatic allelic loss at the
DCC, APC, nm23-HI and p53 tumor suppressor gene loci in

sequences is conservative, human prostatic carcinoma. J Urol 151:1073-1077.

Indeed, our parallel studies, in which we used Brothman AR, Patel AM, Pcehl DXI, Schellhammer PF (1992)
Analysis of prostatic tumor cultures using fluorescence in situFISH with selected bacteriophage P1 probes hybridization (FISH). Cancer Genet Cvtogenet 62:180-185.

flanking the regions on 17q that showed loss, have Brothman AR, Watson MJ, Zhu XL, Williams BJ, Rohr LR (1994)
Evaluation of 20 archival prostate tumor specimens by fluores-

confirmed that true loss exists in each specimen in cence in situ hybridization (FISH). Cancer Genet Cytogenet 75:
which we detected LOH by PCR (Williams et al., 40-44.

Carter BS, Weing CM, Ward WS, Treiger BF, Aalders TW,
submitted). Hence, by using two independent Schalken JA, Epstein JI, Isaacs WB (1990) Allelic loss ofchromo-

methods, we have indicated that regional loss on somes 16q and 10q in human prostate cancer. Proc Natl Acad Sci
USA 87:8751-8755.17q occurs in prostate tumors, supporting the view Cher ML, MacGrogan D, Bookstein R, Brown JA, Jenkins RB,

that a tumor suppressor gene is present here. Jensen RH (1994) Comparative genomic hybridization, allelic im-
balance, and fluorescence in situ hybridization on chromosome 8The initial cellular processes that affect progres- in prostate cancer. Genes Chromosom Cancer 11:153-162.

sion of prostate cancer are proving to be complex Effert PJ, Neubauer A, Walther PJ, Liu ET (1992) Alterations of
the p53 gene are associated with the progression of human pros-and may include multiple genetic events. Markers tate carcinoma. J Urol 147:789-793.

at additional chromosomal sites must be examined, Emi M, Yoshiyuki F, Nakajima T, Tsuchiya E, Tsuda H, Hirohashi
S, Maeda Y, Tsuruta K, Mivaki M, Nakamura Y (1992) Frequent

so that the relationship between various genetic loss of heterozygosity for loci on chromosome 8p in hepatocellular

events in the progression of prostate tumorigenesis carcinoma, colorectal cancer and lung cancer. Cancer Res 52:
can e dterine. Th reatielvsmal se oftu- 5368-5372.

can be determined. The relatively small set of tu- Emi M, Yoshiyuki F, Ohata H, Tsuda H, Hirohashi S, Koike M,

mors examined in this study showed that approxi- Miyaki M, Mondne M, Nakamura Y (1993) Allelic loss at chro-
mosome band 8p2l.3-p22 is associated with progression of hepa-

mately one-fourth of early prostate tumors have toceflular carcinoma. Genes Chromosom Cancer 7:152-157.

loss of at least some portion of chromosome 17, a Ford D, Easton DF, Bishop DT, Narod SA, Goldgar DE (1994)
Risks of cancer in BRCAI mutation carriers. Lancet 343:692-695.

frequency that compares favorably to observed Jones E, Zhu XL, Rohr LR, Stephenson RA\, Brothman AR (1994)

losses on 10q and 16q (Carter et al., 1990). Our Aneusomy ofchromosomes 7 and 17 detected by FISH in prostate
cancer and the effects of in vitro selection. Genes Chromosomfindings suggest that chromosome 17 is likely to Cancer 11:163-170.

play a significant role in this disease. Kunimi K, Bergerheim USR, Larsson IL. Ekman P, Collins VP
(1991) Allelotyping of human prostatic adenocarcinoma. Genom-
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gene encoding a protein that contains a 90-amino-acid
We have isolated a novel cDNA that maps distal to repeat domain of unknown function, a SH3 (src homol-

BRCA1 at 17q12-q21. The total sequence predicts a ogy region 3) motif, and a guanylate kinase domain
protein of 576 amino acids with three conserved re- and thus belongs to the discs-large family of proteins.
gions: a 90-amino-acid repeat domain, a SH3 (src ho- This family comprises the Drosophila discs-large tumor
mology region 3) motif, and a guanylate kinase do- suppressor product, dlg-A, localized to the septatejunc-
main. These conserved regions are shared among tions in various epithelia (Woods and Bryant, 1991),
members of the discs-large family of proteins that in- the human p55 membrane protein expressed in eryth-
clude human p55, a membrane protein expressed in rocytes (Ruff et al., 1991), PSD-95/SAP90, a presynap-
erythrocytes, rat PSD-95/SAP90, a synapse protein ex- tic junction protein from rat brain (Kistner et al., 1993),
pressed in brain, Drosophila dlg-A, a septate junction and human and mouse ZO-1 and dog ZO-2, two tight
protein expressed in various epithelia, and human and junction proteins (Willot et al., 1993; Itoh et al., 1993;
mouse ZO-1 and canine ZO-2, two tight junction pro-

teins. dlg-A has been shown to act as a tumor suppres- Jesaitis and Goodenough, 1994). As a result of this

sor, and the other members may all be involved in sig- homology, we naried this new gene DLG2.
nal transduction through specialized membrane do- Allelic loss on chromosome arm 17q has been re-
mains with highly organized cytoskeletons and thus ported in sporadic breast and ovarian tumors (Jacobs
are potential tumor suppressors. Since allelic loss has et al., 1993; Saito et al., 1993; Nagai et al., 1994), and
been reported in the 17q12-q21 region in breast and detailed maps delimiting the area of losses have been
ovarian cancer and it appears that BRCA1 is not the constructed to investigate whether the breast and ovar-
target of the losses, we looked for somatic alterations ian cancer susceptibility gene BRCA1 located in
in DLG2 in sporadic breast tumors. No evidence 17q12-q21 is involved in the genesis of sporadic as
for mutation was found, making it unlikely that DLG2 well as inherited tumors, as is usually the case with
is involved in sporadic breast cancer. © 1995 Academic genes predisposing to cancer. BRCA1 has been recently
P•rss, Inc. cloned (Miki et al., 1994). Contrary to expectations, no

somatic mutations were identified in 44 sporadic breast
and ovarian tumors studied, suggesting that BRCA1

INTRODUCTION is not involved in noninherited forms of the disease
(Futreal et al., 1994). However, because LOH are fre-

While screening human cDNA libraries with re- quent in or adjacent to the BRCA1 region (Nagai et al.,
agents used to generate a 4-cM physical map in 17q12- 1994; Cropp et al., 1994; Futreal et al., 1994), one or
q21 (Albertsen et al., 1994), we have identified a new even more tumor suppressor genes may be located in

the same region (Ponder, 1994; Vogelstein and Kinzler,
Sequence data from this article have been deposited with the 1994). As the DLG2 gene was a good candidate, we

EMBL Data Library under Accession No. X82895. looked for rearrangements in DLG2 in DNA from spo-
'To whom correspondence should be addressed. Telephone: 44 radic breast and ovarian cancers and for mutations in

1223 336923. Fax: 44 1223 336902. E-mail: smazoyer@hgmp.mrc.a- a set of sporadic breast tumors for which genomic DNA
c~uk. c. uk.was also available and that showed LOH in 17q.2 Present address: Disciplina de Oncologia, Departamento de Ra-
diologia da Faculdade de Medicina da Universidade de Sao Paulo,
Silo Paulo, Brazil. MATERIALS AND METHODS

:'Present address: Department of Human Genetics and Develop-
nfental Biology, Medical Faculty of the University of Pretoria, Preto- DLG2 cDNA isolation and sequencing. A cDNA clone, 38B1/1,

South Africa. containing a 3.1-kb insert was isolated using a combination of 3 P1
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phages, 146B3, 750G12, and 92E12 when screening a fetal brain ized between D17S78 and 17HSD on chromosome ban1d
cDNA library (Stratagene, Cat. No. 936206). Prior to further analy- 17q12-q21 (Albertsen et al., 1994). Comparison of the
sis, this cDNA was shown to map back to 17q12-q21 when hybrid-
ized to a filter containing P1 phages and YACs DNA covering the sequence of this cDNA clone, called 38B1/l, to those
BRCAI region (see Fig. 2, Albertsen et al., 1994). eDNA sequence in the GenBank/EMBL database failed to reveal any
was then determined using a Taq DyeDeoxy Terminator Cycle se- convincing homology to known genes. However, the
quencing kit on a automated sequencer ABI 373A (Applied Biosys- amino acid sequence deduced from the longest Open
tems). The BLAST algorithm was used to look for homologies or reading frame showed a strong homology with p5 5 (dis.
identities between the sequence identified and other sequences from
databases (GenBank/EMBL at the nucleotide level. Swissprot/NBRF cussed below), which is a major palmitoylated men,.
at the amino acid level). While a polyadenylation signal and the brane protein of human erythrocytes (Ruff et al., 1991),
beginning of a poly(A) tail were present in 38B1/1, the 5' end of the and to a lesser extent with a Drosophila tumor suppres.
cDNA appeared to be missing. We then used a 5'-RACE-Ready testis sor protein, dlg-A (Woods and Bryant, 1991) and with
cDNA kit (Clontech) to isolate additional 5' region. The PCR frag- a wide range of guanylate kinases (GK), the best homol.
ment generated using this kit was cloned in a TA cloning vector
(InVitrogen) and sequenced as described. Exon-intron boundaries ogy being with pig GK. This gene was called DLG2.
were localized as follows: primers distributed evenly along the cDNA Since the initiation codon was not present in 38B1/1,
sequence were used to amplify fragments from genomic DNA as well the 5' end of DLG2 was then pursued using the 5'
as from the 38B1/1 clone. Whenever a difference in size was observed RACE technique, which allowed us to identify an addi.
between genomic DNA and cDNA, the genomic fragment was sub- tional 357 bp. The nucleotide sequence and predicted
cloned in a TA cloning vector and sequenced and intron-exon bound-
aries were determined by comparison with the cDNA sequence. Be- amino acid sequence of the full-length cDNA are shown
cause we were unable to amplify from genomic DNA in the very 5' in Fig. 1. The first methionine codon is at nucleotide
end of the coding sequence, certainly due to the presence of a big 88 and reveals an open reading frame of 1731 bp. If
intron, the structure of this part of the gene has not been completely this ATG represents the initiation codon as suggested
resolved. by the presence of a purine 3 bp downstream, the open

Northern and Southern blots. A multiple human tissue Northern byathepresene of a prn3bpdnsram, te open
and a zoo blot were purchased from Clontech and hybridized as rec- reading frame codes for a 576-amino-acid protein Of a
ommended. Southern filters were made from 5 pg EcoRI- or Rsal- predicted molecular weight of 64.5 kDa. The presence I
digested DNA purified from paired 28 blood/sporadic breast tumors of an in-frame stop codon upstream from the initiation
and 33 blood/sporadic ovarian tumors. Hybridization and washes codon further supports that the sequence coding for the
were performed using standard protocols. Probes were labeled using N-terminal end of the protein has been isolated. The,
the random-primed labeling protocol. 3' untranslated region is 1651 bp long and contains a

Sequence comparison analysis. Protein sequences were compared
by the PILEUP and GAP algorithms using the UK Human Genome consensus polyadenylation signal, AATAAA, followed'
Mapping Project computing services, by the beginning of a poly(A) tail 15 bp downstream,)

Mutation screening. Paired primary breast tumors and normal Two RNA species of approximately 3.8 and 4.8 kb were
tissue DNA samples were obtained from patients at the A. C. Ca- revealed on a Northern blot (Fig. 2a); the total sequence
margo Hospital, Sao Paulo, Brazil, and were fully described else- isolated is consistent with the size of the smaller
where (Nagai et al., 1994).

One hundred nanograms of DNA was amplified in a 50-pl reaction mRNA. Attempts to isolate further sequence in the 5'
using the following primers (see Fig. 4): 9F, GAAGAGACCCGGGAC- end using the 5' RACE technique was unsuccessful.
ACTG; 9R, ATTCTCAATCCCCCCACC; 10F, ATTCTGACTTGG- Alternative splicing was observed in the 5' end (data
AGCAATTGG; 10R, GACAGCCAGGAGGCTCAG; IF, AGCCTT- not shown) but the splices identified cannot account foi
CTGCTGACCCTTC; 1R, CCCTCCCATGCACCATAC; 2F. GTAT- the 4.8-kb mRNA.
GGTGCATGGGAGGG; 11R, AAGGCATGCCATGTTAGAGG; 11F,
AGCCTCCCTGAGAGCTCC; 3R, GAGCCCTGCTCCTTGTCC; 4F,
GAGGCACTGTAACCTGCCC; 4R, AGGCAGCAGAGAGGACATTG; Northern Blot and Zoo Blot Analysis
5F, TCCTAGGACAGACATGGGGA; 5R, CCACCCTAGGCAGCT-
ATCAG; 6F, CTTCTGACAGTGGGGGTGAG; 6R, TCAGGTTCT- To assess the pattern of expression of dlg2 mRNA in
GGGTTTCAACA. Exons 7 and 8 were amplified together because of normal tissue, the 38B p/I insert was used as a probe
their small size and because of the intron between them, whereas n
the other exons were amplified separately, in a Northern blot assay (Fig. 2a). Two mRNA of 4.8

PCR products were diluted with an equal volume of 95% for- and 3.8 kb were detected in prostate, testis, ovary,
mamide and denatured at 100°C for 10 min before quenching on small intestine, and colon but not in spleen, thymus,
ice. Prior to loading and polyacrylamide gel electrophoresis, samples and peripheral blood leukocytes. The level of expres'I
were retained on ice for 10 min to allow a proportion of the single-
strand DNA to reanneal, thereby encouraging the formation of any sion of these mRNAs is higher in testis than in the

potential double-stranded heteroduplexes. Electrophoresis was per- other tissues, while hybridization with an actin probe
formed in nondenaturing 0.5X MDE polyacrylamide gels (J. T. indicated that each lane contained equal amounts Of
Baker) using a Protean II vertical gel apparatus (Bio-Rad). Twenty- RNA (data not shown). The DLG2 gene was also found
centimeter gels were run at 200 V for 8-12 h and the SSCP condi- to be expressed in breast epithelium and placenta when
tions optimized for temperatures between 4 and 15-C. Polyacryl- I
amide gels were stained with 0.1% silver nitrate solution for instan- cDNA made from total RNA extracted from these two,
taneous visualization of results. tissues was used as template in PCR experiments (dati

RESULTS not shown).
Zoo blot analysis using the 38B1/1 insert as a probL

Isolation of DLG2 demonstrated sequence conservation in monkey, ratJ
We isolated a 3.1-kb cDNA from a human fetal brain mouse, dog, and cow, but not rabbit, chicken, or yeasý

cDNA library using a mixture of three P1 phages local- (Fig. 2b).
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GGAGCGC CCGCIGcTGC TGGAGCCGcc CGGAGcTAGG cGcCFCCCCGG GGCGAGGG AGAcGNTrCA GAGCCCTTGC CICCTTCACC 87

ATG CCG GTT GCC GCC ACC AAC TCT GAA ACT GCC ATG CAG CMA G`C CTG GAC MAC TiT GGA TCC Cit CCC AGT GCC ACG GGG OCT GCA GAG 177
Met pro Val Ala ala thr asn ser glu thr Ala met gin gin Val leu asp agn let, gly ser let, pro ser Ala thr gly Ala Ala glu 30

V
CTG GAC CiT ATC TTC CNT CGA GGC ATT ATG GMA AGT CCC ATA GrA AGA ICC CTG GCC MAG GTG ATA ATG GTA 'rIG TGG TTT ATG CAG CAG 267
let, asp let, lie phe let, arg gly ile met glu ser pro lie val arg ser let, Ala lye val lie met val let, trp phe net gln gin 60

V
MAT GTC TTT G`T CCI' ATG AAA TAC ATG CIrG AAA TAC TTN GGG GCC CAT GAG AGG CMt GAG GAG ACG MAG CTG GAG GCC GTG AGA GAC MAC 357
asn val phe Val pro met lye tyr met leu lye tyr phe gly Ala his git, erg leu giu glu thr lye ieu giu ala val erg asp asn 90

MIC CIG GAG CIG GTG CAG GAG ATC CMG CGG GAC CiT GCG CAG CiT GCI' GAG GAG AGC AGC ACA GCC GCC GAG Cit GCC CAC ATC Cit GAG 447
asn ieu giu let, Val gin glu lie let, erg asp let, Ala gin leu ala glu gin ser ear thr ala Aia git, ieu ala his le let, gin 120

V
GAG CCC CAC TTC CAG TCC CrC CiT GAG ACG CAC GAC TCI' GTG GCC TCA MAG ACC TAT GAG ACA CCA CCC CCC AGC CCT GGC CiT GAC CC`T 537
giu pro his phe gin ser leu leu giu thr his asp ser vai ala ser lys tin- tyr glu thr pro pro pro ser pro gly iou asp pro 150

V
ACG 'TT AGC MAC CAG CCT GTA CCT CCC GAT GCT GTG3 CCC ATG GTG GGC ATC CGC AAG ACA GCC GGA GMA CAT Cit GGT GTA ACG TTC CGC 627
thr phe ser aen gin pro val pro pro asp ala val erg met Val gly lie erg iye thr aia gly glu his let, gly Val thr phe erg 180

GTrG GAG GGC GGC GAG CT G GTG ATC GCG CGC ATT Cit CAT GGG GGC ATG GTG OCT CAr CMA GGC Cit CTG CAT GTG GGT GAC ATC Alt MAG 717
val giu gly gly giu let, valilie ala erg lie let, his giy gly met Val ala gin gin gly let, leu his Val gly asp lie iie lye 210

GAG GIG MAC GGG CAG CCA GTG GGC AGT GAC CCC CGC GCA Cit CAG GAG CTC CI'G CCC MAT GCC AGT GGC ACT GTC ATC CTC MAG ATC CTG 807
git, val aen gly gin pro Val gly ser asp pro erg ala leu gin glu ieu let, erg asn ala ser gly ser Val lie leu lye le let, 240

V
CCC MAC TAC GAG GAG CCC CAT CIG CCC CGC GAG GTA 'NT GIG MAA TGT CAC TTT GAC TAT GAC CCG GCC CGA GAC ACC CTC ATC CCC TCC 897
pro asn tyr gin giu pro his ieu pro erg gin val phe val lye eye his pile asp tyr asp pro ala erg asp ser let, le pro eye 270

MAG GMA GCA GGC Cit CGC TTC MAC GCC GGG GAC itT CTC GAG ATC GTA MAC GAG GAT GAT GCC AAC TGG TGG GAG GCA TCC CAT GTC GMA 987
lys giu ala gly ieu arg phe pen ala gly asp leu let, gin lie Val asn gin asp asp ala. aen trp trp gin ala eye his val git, 300

OGG GCC AGT GCT GGG CTC ATT CCC AGC GAG Cit CiT GAG GAG MAG CGG MAA CCA TNT GTC MAG API GAC CTG GAG CTG ACA CCA MAC TCA 1077
gly gly ser ala gly let, lie pro ser gin let, let, git, giu lye erg lye ala phe val lye erg asp let, glu leu thr pro aen scr 330

GGG ACC CIA TCC GCC ACC CIT TCA GGA MG MAA AAG MG CGA ATG ATG TAT TTG ACC ACC MAG MAT GGA GAG 'NT GAC CGT CAT GAG CTG 1167
gly thr let, eye gly ser leu ser gly lye lye lys lye erg met met tyr leu thr thr lye Ann Ala glu phe asp erg his giu ieu 360

mCC AN' TAT GAG GAG GIG GCC ccC ATG CCC CCG TIC CGC CGG MAA ACC CTG GTA Cit ATT GGG GC1P CAG GGC GIG GGA CGG CCC ACC CiT 1257
leu lie tyr giu glu val ala erg met pro pro phe erg "ra lye thr Ie 1a 1-1 4i- ply glp gjn gl Vl -1 nv mra pro 5c e,390

MAG MAC MG CTC Alt ATG TGG GAT CCA GAT CGC TAT GGC ACC ACG GTG CCC TAC ACC TCC CGG CGG CCG MAA GAC TGA GAG CGG GMA GGT 1347
lye pen lye let, ile mnet trnpn ag ro aso ýar tvr ply thr tin- ycl nro tythnerponp rleas5rcia ipy 420

GAG GCI TAC AGC TN' GTG TCC CGT GGG GAG ArG GAG GCI' GAC CIC CGT GCT GGG CGC TAC CTG GAG CAT GGC GM 'TAC GAG GGC MAC CTG 1437
pin alv t-va or the -Al -j- Mr0 oly alPtpy i o a r icpyPotrlt 1,1l ly it, r ci, ly &1v n 1e- 450

TAT GCC ACA CGT AN' GAC TCC Alt CGG GGC GTG CCC GCr GCI' GGG MG GTG ICC GTG C~T GAT GTC MAC CCC GAG GCG GTG MAG GTG CIA 1527
F~vr aly thlr .r. 4ie Ae 41a -i crc ply Vei vol cIc ale ply Vys ye1 -y 1 y -leg, c -1 yAl n nrQ pin Aie Vel 1y-cii 1 480

OGA ACG GCC GAG TT' GTC CCI' TAC GTG GTG 'NC Alt GAG GCC CCA GAC TTC GAG ACC Cit CGG. GCC ATG MAC AGG GCI' GCG C~T GAG AGT 1617
Argin-rh Ala cl u rhe Val oro tvr yal yAl the lieA plj Ala oro asn nhe p1,, thi eaccamtar r i i e l 510

V
GGA ATA TCC ACC MAG CAG CTC ACG GAG CCG GAC Cit AGA CGG ACA GTG GAG GAG ACC ACC CGC AlT GAG CGG PlC TAC GGG CAC TAC TTT 1707
ply lie ner tin- lye aln let, thin alu Ala asp 1-t Ara prc tin- Val pn~i pluj -c -c vr l i r tyr ply his tvin Mhe 540

GAC CiT TGC Cit GTC MAT AGC MAC Cit GAG AGO ACC TTC CGC GAG CTCCGAG ACA GCC ATG GAG MAG CIA CGG ACA GAG CCC GAG TGG GTG 570
Ago I-t cye leyietpreni, i, r h h r-1,lt i rraenc ilelt r thin giu pro gin trp val 1797

=CI GTC AGC TGG GiT TAC TGA 1818
pro yal ser trp val tyr OPA 576

GCCTGTTCAC CiTG~TCCNG GCrGACTCCG TGTTGMAACC CAGAACCTG;A ATCCATCCCC CTCCCIGACCT GTGACCCCCr GCCACMATCC TTAGCCCCCA 1918
TATCiTGCTG TCCI'TGGGTA ACAGCI'CCCA GCAGCCTrA AGTCI'GGCN'T CArCACAGAG CCOTGCACI'G CCGGGAGGT GGGCATI'CAT GGGGTACCTT 2018
GTGCCCAGGT GCI'GCCCACT CCTGATGCCC ATTGGTCACC AGATATcrcT GAGGGCCAAG CrATGCCCAG GMATGTCI'CA GAGTCACCT CATMATGGTC 2118
ACAGAGAAGA AGTGMAACAC TGCTTTGGGA CCACATGGTC AGTAGGCACA CitCCC=G CCACCCCI'CC CCAGTCACCA GTTCrCrCTC GGACiTGCCA 2218
C-ACCCACCCC ATICCIGGAC TCC~TCCACC TC~TACCI'Cr GTGTCGGAGG AACAGGCCTT GGGCTG7TITC CGTGTGACCA GGGGAATGTG TGGC0CýCCG~ 2318
GCAGCCAGGC AGGCCCGGGT GGTGGTGCCA GCCI'GGTGCC ATCI'TGAAGG CMGAGGA

t
rT GAGAGTGAGA CCCAGTGGCC ACAGCI'GCAG ACCACTGCAG 2418

CI'=cGCTC CN'TGGAAAG GGACAGGGTC GCAGGGCAGA TGCI'GCICGG TCCN'CCCI'C ATCCACAGCT ITCCACTIGCC GAAGTTrCrC CAGATITCTC 2518
CAATGTGTCC TGACAGGTCA GCCCI'GCI'CC CCAGAGGGCC AGGCiTGGG GPGCAGTGG GTTCAGCCCCA GGTAGGOGCA GGATGGAGGG CrGAGCCCCCG 2618
TGACMACCTG CIGTI'ACCAA CI'GAGAGCC CCMAGCTCI'C CATGGCCCC AOCAGGCACA GCCTrGAGC1' CTATGTCCTT GAC'TTGGC CANTGTT N 2718
TCTGCIAGC CAGG'TCCAGG TAGCCCACTT GCATCAGGCC TGCI'GGGTTG GAGGGGCTMA GGAGGAGTCC AGAGGGGACC TTGCGAGCCI' GGGCTTGMAG 2818
AGACAGTGCC CICCArGAGG TTCCrGACAC ACMACTCCAG AGGCGCCATr TACACTGTAG TCTGTACMAC CrGTGO'NCC ACGrGCATGT TCGGCACCTG 2918

TCI'GI'GCCC TGGCACCAG3G TTGiTTGTGT GTGCGTGTCC AC~rGCGTGT GTGTGTGTiGT GrTCCAGGT TAGTTTGGG AGGAACCAAA GGGTITTG'N' 3018
TI'GGAGGTCA CI'CMIIGGGG CCCCITCrG GGGGTTCCCC ATGAGCCCI'C AN'TCN'ATA ATACCCI'GAT CCCGACIC MAAGCCCI'GG TCCT'N'CCG 3118
ATGTC='C' CCN'CICTTA TTGITCC=CCT ACCCTAAATG CCCCCTGCC ATMACITGGG GAGGGCAGTT TI'GTAMAATA GGAGAC='C TTI'AAGAAAG 3218
MATGCrG;TCC TAGATGTACT TGGCCATCTC ATCCTTGATr ATTCT~r=C TTCCTTCCGG PGGGGAGCCTG TCCCAGAGG GGACMACCIG TGACACCCI'G 3318
AGTCGAMACC CN'GTGCC1C CCAGTTCTTC CAAGTGCrCA ACTAGTCI'T GCI'GCAGCGT CAGCCAAACC TGGCCCCIGA ACCACitTGT GCCCATTTCC 3418
TAGGGM4GGG GMGCGAGMAT AAACAGMATA TTTATTACM MAA 3461

FIG. 1. Nucleotide sequence of DLG2. The nucleotide sequence of DLG2 is presented along with the predicted amino acid sequence.
Tb.. Positions of 11 introns are indicated with arrowheads above the sequence, the DHR domain is underlined with crosses, the SH3 domain
is double-underlined, and the guanylate domain is single-underlined. Poly(A) signal is underlined with asterisks. The first nucleotide of
clone 38B 1/1 is indicated with a dot.
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FIG. 2. (a) Northern analysis ofDLG2. A human multiple-tissue (51)(56) (s.)

Northern blot was probed with the 38B1/1 insert. Two mRNA species I -IM Z0-228 23 24

of 4.8 and 3.8 kb are detected in prostate, testis, ovary, small intes- (57)(60) (54)

tine, and colon but not in spleen, thymus, and peripheral blood leuko-
cytes. Size standards are in kilobases. (b) Conservation analysis of FIG. 3. Schematic comparison of structural domains of dlg2 with
DLG2. An EcoRI zoo blot was probed with the 30B1/1 insert. Frag- those of p55, dlg-A, PSD-95/SAP90, ZO1, and Z02 (DHR, 90-aa inter-
ments are detected in monkey, rat, mouse, dog, and cow, but not in nal repeat; SH3, src homology 3; GK, guanylate kinase domain).
rabbit, chicken, or yeast. Size standards are in kilobases. Percentage identity and percentage similarity (in parentheses) for

each domain were calculated using the GAP algorithm.

dlg2 Belongs to the Discs-Large Family of Proteins larity for dlg2, 28% identity, 48% similarity for p55),

The predicted amino acid sequence of dlg2 is homolo- while it shows 40% identity (63% similarity) between
gous to the human erythrocyte membrane protein p55 dlg2 and p55. The N-terminal amino acid sequence of
(Ruff et al., 1991) (42% identity, 64% similarity), the ZO-2 has not yet been deduced, and although only one
rat brain synapses protein PSD-95/SAP90 (Kistner et repeat, DHR3, has been found so far, two more domains
al., 1993) (27% identity, 53% similarity), the Drosoph- may be identified, as suggested by the high degree of
ila dlg-A tumor suppressor (Woods and Bryant, 1991) homology between ZO-1 and ZO-2 (Jesaitis and
(26% identity, 48% similarity), the dog tight-junction Goodenough, 1994). The SH3 domain of dlg2 is more
protein ZO-2 (Jesaitis and Goodenough, 1994) (22% homologous to the SH3 domain of p55 than to that of
identity, 50% similarity) and the human tight-junction dlg-A, PSD-95/SAP90, ZO-1, and ZO-2 (Fig. 3). Also,
ZO-1 (Willott et al., 1993) (20% identity, 48% similar- the dlg2 guanylate kinase domain shows closer homol-
ity) (Table 1). The sequence homologies of these family ogy to that of p55 than that of the other members of the
members are clustered in three domains (Fig. 3): a 90- discs-large family. Furthermore, while three of eight
amino-acid internal repeat region called DHR (discs- amino acids that are thought to bind the ATP phos-
large homology region) (Bryant et al., 1993), a SH3 phate donor (Stehle and Schulz, 1990) are deleted in
domain (src homology 3) which was first identified in the , 'anylate kinase domain of dlg-A, PSD-95/SAP90,
the noncatalytic region of the src family of protein tyro- ZO-1, and ZO-2 (Koonin et al., 1992; Willott et al.,
sine kinases (Musacchio et al., 1992), and now found 1993), both dlg2 and p55 retain these residues. Never-
in multiple signaling and cytoskeletal proteins (Mayer theless, this motif (GxxGxGKS/T) does show substitu-
and Baltimore, 1993), and a guanylate kinase domain. tions in highly conserved residues in both proteins.

While ZO-1, PSD-95/SAP90, and dlg-A have three These might affect enzyme activity (GxxGxGRR for dlg-
DHR domains, DHR1, DHR2, and DHR3, p55, and dlg2 1; GxxGxRS for p55); however, the Lys to Arg substitu-
contain only one repeat (Fig. 3). Although this repeat tion has been observed in several putative ATPases
shows greater homology to the third repeat of dlg-A, (Gorbalenya and Koonin, 1990).
this homology is not very high (26% identity, 48% simi-

Mutation Analysis of DLG2

TABLE 1 To determine whether DLG2 is the target for the

Discs-Large Family Member Comparisons allele losses frequently reported in the BRCA1 region
in sporadic breast and ovarian cancer (Jacobs et al.,

PSD-95/ 1993; Saito et al., 1993; Nagai et al., 1994; Cropp et al.,
p55 SAP90 dlg-A ZO-1 ZO-2 1994), we first hybridized the major part of dlg2 cDNA

with a set of Southern filters containing DNA purified
42 (64) 27 (53) 26 (48) 20 (48) 22 (50) dlg2 from blood/tumor pairs from 28 sporadic breast and

27 (55) 28 (52) 24 (47) 20 (46) p55

58 (76) 31(55) 17 (41) PSD-95/ 33 sporadic ovarian tumors. No rearrangements were

SAP9o found. We then performed a more sensitive mutation
26 (47) 20 (42) dlg-A analysis by screening genomic and sporadic breast tu-

52 (69) ZO-1 mor DNA from 19 patients using single-strand confor-

Note. Percentage identity and percentage similarity (in brackets) mation polymorphism (SSCP) and heteroduplex analy-
were calculated for each pair throughout the protein using the GAP ses. This set of samples was chosen on the basis of
algorithm. The highest scores are shown in bold type. displaying losses on 17q, as has been described else-



, CLONING OF A NEW GENE LOCALIZED AT 17q12-q21 29

1 2 3 4 5 6 7 8 9 10 11 12

9F/9R 1OF/1OR IF/1R 2F/11R 11F/3R 4F/4R SF/SR 6F/6R
(274) .;. (333) - (230) -.,- (387) - (279) = (309) - (230) (283)

DHR SH3 Guanylate Kinase
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FIG. 4. Schematic structure of the DLG2 gene. Intron-exon structure is shown, as well as primers used for the mutation analyses. The
si/e of each exon is given in the box, while the sizes of the PCR fragments are given in parentheses; the sizes of the introns are not to
scale. The conserved domains are shown below.

where (Nagai et al., 1994), for D17S855, which is located showed a strong homology at the amino acid level with
in an intron of the BRCA1 gene (Futreal et al., 1994) an erythroid membrane protein, p55 (Ruffet al., 1991),
and is close to DLG2. Exons covering 78% of the coding and to a lesser extent with a Drosophila septate junc-
sequence including the DHR, SH3, and guanylate kinase tion protein, dlg-A (Woods and Bryant, 1991), a rat
domains were amplified using primers located in adjacent presynaptic protein, PSD-95/SAP90 (Kistner et al.,
introns (Fig. 4). Single-strand variants were observed in 1993), and two tight junction proteins, human (Willott
1() tumors, some of which displayed abnormal fragments et al., 1993) and mouse ZO-1 (Itoh et al., 1993) and
in more than one exon, but because these fragments were canine ZO-2 (Jesaitis and Goodenough, 1994). This pro-
present in germ-line DNA as well, they were assumed to tein, which we named dlg2, contains 576 amino acids
represent polymorphisms. A total of five different vari- and displays all of the features shared by proteins that
ants were found in four different exons (representative belong to the discs-large family. These include a 90-
SSCP and heteroduplex analyses are shown in Fig. 5). amino-acid motif of unknown function called DHR, an
Eight individuals were heterozygous in exon 4, three in SH3 domain, and a guanylate kinase domain. The DHR
exon 11, and one in exon 12. In exon 5, two different domain, also present in nitric oxide synthetase (Cho et
types of variants were found, three individuals being het- al., 1992), a human cytosolic tyrosine phosphatase (Gu
crozygous for the first variation and four for the second et al., 1991), and the cytoplasmic domain of a human
ofiw. However, no aberrant bands were observed in the brain transmenfbrane protein (Duclos et al., 1993)
tumor samples only and not in blood. Both the Southern might be involved in directing membrane association.
and the SSCP/heteroduplex analyses therefore suggest The SH3 domain has been shown to be involved in the
that DLG2 is not mutated in sporadic breast cancers. targeting of proteins to specific subcellular locations

DISCUSSION (Bar-Sagi et al., 1993). It is also possible that certain

One of the clones identified from screening a human SH3 domains participate in the control of cytoskeletal
fetal brain library, which mapped to 17q12-q21, organization. The yeast guanylate kinase (GK) cata-

lyzes the conversion of GMP to GDP by transferring a
AR9 112L 110L 11L phosphate group from ATP. Although the GK domains
Ta T N T N T N b IOL ~1 L of dlg2 and p55 retain the conserved amino acids

T N T N thought to interact with ATP and thus are more likely

to exert an enzymatic activity than those of ZO-1, ZO-' ~ ~ 64" r't:"& A 's s[U 2, dlg-A, and PSD-95/SAP90, direct evidence for such] an activity is needed. An alternative function suggested

, , for these GK domains comes from the observation that
the structure of yeast GK is similar to that of small
GTP-binding proteins (Stehle and Schulz, 1990). Thus,
members of the discs-large family of proteins could be

2SG IsG involved in signaling pathways through interaction
T N with G-protein-binding proteins and not by altering

I ýOww WGDP/GTP ratios.
The dlg-A, ZO-1, ZO-2, and PSD-95/SAP90 proteins

if •are localized to regions of cell-cell contact, and p55 is
copurified during the isolation of dematin, an actin-

ao•,.lIw 0i u• W bundling protein of the erythrocyte membrane cy-

toskeleton (Ruff et al., 1991); dlg2 might then be
FIG. 5. Mutation analysis ofDLG2 in breast tumors. Representa- localized at the membrane of the cells in which it is

tive pattern of single-strand (SS) and double-stranded hetero- (HeD) expressed, possibly more specifically in specialized
and homo- (HoD) duplexes for paired tumor (T) and normal (N) tissue membrane domains with a highly organized cyto-
Of individuals for (a) exon 4-samples 112L and I10L show SS vari- skeleton.
ants; (b) axon 5-sample 110L demonstrates variation in both SS
and HeD patterns; and (c) exon 11-sample 2SG demonstrates SS Thus far, only two tissues have been tested for the
variation, expression of both dlg2 and p55: while p55 alone is
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expressed in red cells, both are expressed in placenta zler, 1994). Since DLG2 was a good candidate, we in-
(Metzenberg and Gitschier, 1992). The coexpression of vestigated its involvement in sporadic breast cancer.
these two very closely related proteins implies a specific Although a total of five different variants were found
function for the first 81 amino acids of dlg2, the only in four different exons when performing a mutation
part of this protein not homologous to p55. It should analysis, which demonstrates the reliability of the tech-
be noted that all discs-large protein encoding genes niques used, no variations in migration of PCR frag-
reported to date, except ZO-1 and ZO-2, give rise to at ments generated from tumor DNA alone were ob-
least two mRNAs both expressed in the same tissues, served. Although it could be argued that mutations
although at different levels (Woods and Bryant, 1991; were missed, we believe that the combination of SSCP
Ruffet al., 1991; Kistner et al., 1993). Nothing is known and heteroduplex analyses is sensitive enough to con-
about how these two mRNA species are generated. In clude that DLG2 is not mutated in breast tumors. How-
the case of PSD795/SAP90, the larger mRNA species ever, the involvement of DLG2 in other cancers as a
disappears during development (Kistner et al., 1993). tumor suppressor warrants further attention.
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homology motif 3 (SH3); and a C-terminal domain with
The discs-large family is a collection of proteins that homology to guanylate kinase (GK). The founding

have a common structural organization and are member of this group of proteins is the gene product
thought to be involved in signal transduction and me- of the Drosophila lethal (1) discs large (dlg) 1 locus,
diating protein-protein interactions at the cyto- which was originally identified through the character-
plasmic surface of the cell membrane. The defining ization of recessive lethal lesions that lead to overproli-
member of this group of proteins is the gene product feration of the imaginal disc epithelium and death of
of the Drosophila lethal (1) discs large (dig) 1 locus, the fly in the larval stage (Stewart et al., 1972; Woods
which was originally identified by the analysis of re- and Bryant, 1989, 1991). At all stages of development,
cessive lethal mutants. Germline mutations in dig re- the dlg protein appears to be a component of the septate
sult in loss of apical-basolateral polarity, disruption junctions (Woods and Bryant, 1991), which are found
of normal cell-cell adhesion, and neoplastic over- in (od a nd brant 1991),thich a nd
growth of the imaginal disc epithelium. We have iso- in the apical-lateral membrane of epithelial cells and
lated and characterized a novel human gene, DLG3, are thought to be functionally equivalent to vertebrate

that encodes a new member of the discs-large family tight junctions (Noirot-Timothee and Noirot, 1980).

of proteins. The putative DLG3 gene product has a mo- Germline mutations in dig result in loss of apical-baso-

lecular weight of 66 kDa and contains a discs-large lateral polarity, disruption of normal cell-cell adhe-

homologous region, a src oncogene homology motif 3, sion, and neoplastic overgrowth of the imaginal disc
and a domain with homology to guanylate kinase. The epithelium (Stewart et al., 1972; Woods and Bryant,
DLG3 gene is located on chromosome 17, in the same 1989), suggesting that the function of the wildtype dlg
segment, 17q12-q21, as the related gene, DLG2. The protein is concerned with maintaining normal epithe-
products of the DLG2 and DLG3 genes show 36% iden- lial structure and possibly with regulating cell division
tity and 58% similarity to each other, and both show and differentiation (Woods and Bryant, 1991). Other
nearly 60% sequence similarity to p55, an erythroid members of the discs-large family include ZO-1 and
phosphoprotein that is a component of the red cell ZO-2, which are mammalian tight junction proteins
membrane. We suggest that p55, DLG2, and DLG3 are (Willott et al., 1993; Jesaitis and Goodenough, 1994);
closely related members of a gene family, whose pro- SAP90/PSD-95, a rat synapse-associated protein (Cho
tein products have a common structural organization et al., 1992; Kistner et al., 1993); p55, an erythroid
and probably a similar function. © 1996 Academic Press, Inc. phosphoprotein that is a component of the red cell

membrane (Ruff et al., 1991); and hdlg, a recently dis-
covered human homolog of Drosophila dlg (Lue et al.,

INTRODUCTION 1994).

The DHR motif is approximately 90 amino acids long
The discs-large family is an expanding group of pro- and appears to be involved in forming protein-protein

teins that each contain three distinct structural do- interactions. In vitro binding studies have demon-
mains: an N-terminal segment comprising one or more strated that hdlg binds to protein 4.1 (Lue et al., 1994),
discs-large homologous regions (DHRs); a src oncogene the defining member of a group of proteins that in-

cludes talin (Rees et al., 1990) and ezrin (Gould et al.,
The DNA sequence presented in this article has been deposited 1989), which are thought to couple the cytoskeleton to

with the EMBLJGenBank Data Libraries under Accession No. the cell membrane (Marfatia et aI., 1994). The binding
U37707.ofpoen41thdgwsmpetotostsohl:

'To whom correspondence should be addressed at Huntsman Can- of protein 4.1 to hdlg was mapped to two sites on hdlg:
cer Institute, University of Utah, Building 533, Suite 7410, Salt Lake a domain containing all three DHR segments and an

City, Utah 84112. Telephone: (801) 585-6224. Fax: (801) 585-3833. insertion domain (13) found between the SH3 and GK
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domains in a subset of hdlg isoforms (Lue et al., 1994). described by the manufacturer. A 1.8-kb EcoRI restriction DNA frag-
In human erythrocytes, spectrin binds to the C-termi- ment excised from the 40F1 cDNA was used as the probe.

nal end of protein 4.1, while at the N-terminus, protein Database searches and sequence comparisons. To identify homol-
ogies with nucleic acid and protein sequences in the GenBank and

4.1 forms a ternary complex with p55 and glycophorin EMBL databases, we used the BLAST algorithm (Altschul et al.,

C (a transmembrane protein) that links the spectrin 1990). Sequences were aligned and compared using the Wisconsin

network to the cell membrane (Marfatia et al., 1994). Sequence Analysis Package Version 8.0.

However, it is not clear what the function of p55 is in
this process, and the binding sites in p55 have not been RESULTS AND DISCUSSION
precisely mapped. The SH3 domain comprises about
60 amino acids and was originally identified in the non- A novel cDNA clone (40F1) derived from human chro-
catalytic region of the src family of nonreceptor protein mosome segment 17q12-q21 was isolated from a fetal
tyrosine kinases (Pawson, 1988). SH3 domains have brain cDNA library and used to identify further over-
now been found in a wide variety of proteins, including lapping clones. The combined DNA sequence from sev-
signal-transducing proteins and membrane-associated eral clones revealed a single long open reading frame
cytoskeletal elements, and are thought to be involved (ORF) that extended from the most 5' end of the se-
in mediating protein-protein interactions by binding quence to a stop codon located over 1700 bp down-
to specific target sequences (Koch et al., 1991; Mayer stream. The cDNA contained 900 bp of 3'-nontrans-
and Eck, 1995). The GK domain is homologous to the lated sequence and terminated with a poly(A) tail.
complete amino acid sequence of yeast guanylate ki- Since the DNA sequence did not contain a candidate
nase (Berger et al., 1989), an enzyme that catalyzes the initiation codon, the 5' end of the cDNA was pursued
transfer of phosphate from ATP to GMP, forming GDP, using the RACE technique, which extended the 5' se-
although at the moment, it is unclear whether any of quence for a further 100 bp and revealed a probable
the dig-related proteins have guanylate kinase activity, start codon. The completed ORF extended over 1755

Recently, we reported the isolation and characteriza- bp (Fig. 1), encoding a protein of 585 amino acids with
tion of a gene, DLG2, that encodes another novel mem- a predicted molecular weight of 66 kDa. The expected
ber of the discs-large family of proteins (Mazoyer et al., gene product represents a new member of the discs-
1995). The predicted DLG2 gene product contains a large family of proteins (see below), and the newly iso-
single DHR motif and shows greatest homology to p55. lated gene has been designated DLG3.
Here, we describe the isolation of a second novel human The molecular characterization of DLG3 included an
gene, DLG3, located close to DLG2 on chromosome seg- analysis of the genomic structure of the gene. Intron-
ment 17q12-q21, which is predicted to encode a pro- exon boundaries were identified as points of disconti-
tein that is nearly 60% homologous to the p55 and nuity between the cDNA sequence and portions of geno-
DLG2 gene products. We suggest that p55, DLG2, and mic sequence. Fragments of human DNA containing
DLG3 are three members of a family of genes that en- potential boundaries were generated either by PCR us-
code proteins of similar size and structural organiza- ing primer pairs located within adjacent coding exons
tion that are probably involved in coupling the cytoskel- or by subcloning fragments from P1 phage. The coding
eton to the cell membrane. sequence was found to be distributed between 15 exons,

the boundaries of which are indicated in Fig. 1. The 9

MATERIALS AND METHODS 3'-most exons were found to span a genomic interval
of about 16 kb (based on the combined sizes of genomic

DLG3 cDNA isolation and DNA sequencing. Genomic DNA clones clones and PCR products); the 3 5-most exons were

that form part of a physical contig surrounding the BRCA1 locus contained within a 1200-bp region; and the genomic

(Albertsen et al., 1994) were used to screen a fetal brain cDNA library extent of exons 4, 5, and 6 was not clearly defined.
to identify transcribed sequences in the interval 17q12-q21. Over Comparison of DLG3 with sequences present in the
100 cDNAs were isolated, representing transcripts of known and EMBL and GenBank databases revealed significant ho-
unknown genes, several of which have been reported elsewhere (Al- mology, at the amino acid level, to several members of
bertsen et al., 1994; Mazoyer et al., 1995; Smith et al., 1995). A clone,
40F1, encoded part of the transcript of another novel gene, which the discs-large family of proteins. No homologies to any
has not been previously described, and was used to isolate further known genes were observed at the nucleotide level, al-
overlapping cDNAs. Inspection of the combined DNA sequence from though identity to three anonymous genomic DNA se-
several clones did not reveal a candidate initiation codon, suggesting quences (T27219, T27220, and T27221) was noted (see
that the extreme 5' end of the cDNA remained to be isolated. RACE below). The greatest protein homology observed was
(Frohman et al., 1988) experiments extended the sequence in the 5'
direction for a further 100 bp and revealed a candidate ATG located to human erythrocyte p55, with which it shared 33%
close to the 5' end of the sequence. Careful rescreening of cDNA identity and 56% similarity. Alignment of the predicted
libraries failed to identify any additional clones, and thus we sought amino acid sequence of the DLG3 protein with other
to isolate further sequence information from genomic DNA directly. members of the discs-large family using the PILE-UP
Analysis of subclones generated from the P1 phage, 124D3, yielded program revealed that DLG3 contains a single DHR,
a further 500 bp of 5' sequence that confirmed the presence of the in-
frame ATG and identified stop codons in all three frames upstream. an SH3 motif, and a guanylate kinase domain (Fig. 2).

Analysis of DLG3 gene expression. A blot of RNAs extracted from The DHR in DLG3 is, however, not well conserved: it
different tissues was purchased from Clontech and hybridized as shares only 30% identity to the third repeat in dlg, and
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FIG. 1. Nucleotide sequence and predicted protein translation of the DLG3 gene. The dashed line indicates the position of the DHR, the
solid line indicates the SiE3 domain, and the double underline indicates the GK domain. The vertical arrows in the coding sequence indicate the
positions of exonic boundaries, and the black diamond identifies the point 5' from where the sequence was derived from genomic DNA.
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1 t1oo
d1g2 MPVAATNSETAMQQVLDNLG. SLPSETGAAELDLMFLRGIMESPIVRSLAKVIMVLWFMQQNVFVPM. KYMLKYFGAHERLEETKLEAVRDNNLELVQEI
p55 MTLKASEGESG ........ G.SMHT .............................................................. ALSDLYLE .....

d1g3 MPVLS, . EDSGLHETLALLT. SQLRPDSNHKEEMGFLRDDFSEKSLSYLMKIHEKLRYYERQSPTPV. LH .............. SAVALAEDVMEEL...
dlgl_drome . . . SASASVIASNNTISNTTVTTVTATATASNDSSKLPPSLGANSSISISNSNSNSNSNNINNINSINNNNSSSSSTTATVAAATPTAASAAAAAASSPP

101 -- DHR --
d1g2 LRDLAQLAEQSSTAAELAHILQEPHFQSLLETHDSVASKTYETPPPSPGLDPTFSNQPVPPDAVRMVGIRKTAGEHLGVTFRVEG . VIARILHGGM
p55 ..... HLLQKRSRPEAVSHPL ............ NTVTEDMYTNGSPAPGSPAQVKGQEVRK.. VRLIQFEKVTEEPMGITLKLNE. KQSCTVARILHGGM

dlg3 ..... QAASVHSDERELLQLLSTPHLRAVLMVHDTVAQKNFD.. PVLPPLPDNI. DEDFDEESVKIVRLVK. NKEPLGATIRRDEHSGAVVVARIMRGGA
dlgldrome ANSFYNNASMPALPVESNQTNNRSQSPQPRQPGSRYASTNV. LAAVPPGTPRAVSTEDITREP.RTITIQK.GPQGLGFNIVGGEDGQGIYVSFILAGGP

GLGF
201 300

dlg2 VAQQGLLHVGDIIKEVNGQPVGSDP.RALQELLRNASGSVIL .... KILPtNYQ. EPHLPR..Q ...................... VFVKCHFDYDPARDSLI
p55 IHRQGSLHVGDEILEINGTNrrNHSVDQLQKAM!ETKGMISL .... KVIPN.Q. QSRLPALQ ...................... MFMMRAQFDYDPKKDNLI

dlg3 ADRSGLVHVGDELREVNGIAVLHKRPDEISQILAQSQGSITL .... KI IPATQEEDRLKESK ...................... VFMRALFHYNPREDRAI
digl drome ADLGSELKRGDQLLSVNNVNLTHATHEEAAQALKTSGGVVTLLAQYRPEEYNRFEAR IQELKQQAALGAGGSGTLLRTTQKRSLYVRALFDYDPNRDDGL

301 <-- SH3 -9 400
d1g2 PCKE.AGLRFNAGDLLQIVNQDDANWWQACHVEGG .... SAGLIPSQLLEEI-K .... AFV ........ KRDLELTP ...... NSGTLCG..SL .......
p55 PCKEAGLKFATGDIIQIINKDDSNWWQG.RVEGSS.KESAGLIPSPELQEWRV .... ASM ........ AQS... .AP ...... SEAPSCS..PF .......

dlg3 PCQEAGLPFQRRQVLEVVSQDDPTWWQAKRV. GDT. NLRAGLIPSKGFQERRL .... SYRRAAGTLPSPQSLRKPPYDQPCDKETCDCE.. GYLKGHYVA
dlgidrome PSR.. GLPFKHGDILHVTNASDDEWWQARRVLGDNEDEQIGIVPSKRRWEPRMRARDRSVKFQGHAAANNNLDKQSTLDRKKKNFTFSRKFPFMKSRDEK

401 500
d1g2 SGKKKKRMMY ........ LT ...... TKNAEFDRHE.. LLIYEEVARM ... PPFRRKTLVLIGAQGVGRRSLKNKLIMWDPDRYGTTVPYTSRRPKDSER
p55 GKKKKYKDKY ........ LA ...... KHSSIFDQLD..VVSYEEVVRL. .. PAFKRKTLVLIGASGVGRSHIKNALLSQNPEKFVYPVPYTTRPPRKSEE
d1g3 GLRRSFRLGCRERLGGSQEG ...... KMSSGAESPE.. LLTYEEVARYQHQPGERPRLVVLIGSLGARLHELKQKRVAENPQHFGVAVPHTTRPRKSHEK

dlgl_drome NEDGSDQEPNGVVSSTSEIDINNVNNNQSNEPQPSEENVLSYEAVQRLSI..NYTRPVIIL .. . GPLKDRrNDDLISEYPDKFGSCVPHTTRPKREYEV

GxxGxGK TT~xxRxxEx

501 -- GK --
d1g2 EGQGYSFV. SRGEMEADVRAGRYLEHGEYEGNLYGTRI DSIRGWAAG KVCVLDVNPQAVKVLRTAEFVPYVVFXEAPDFETLRAMMNRAALESGISTKQL

p55 DGKEYHFI. STEEMTRNISANEFLEFGSYQGNMFGTKFETVHQIHKQNKIAILDIEPQTLKIVRTAELSPFIVFIAPTDQGT ................. Q
d1g3 EGVEYHFV. SKQAFEADLHHNKFLEHGEYKENLYGTSLEAIQAVMAKNKVCLVDVEPEALKQLRTSEFKPYIIFVKPAIQEKRKTPPMSP. .ACEDTAAP

dlgl_drome DGRDYHFVSSREQMERDIQNHLFIEAGQYNDNLYGTSVASVREVAEKGKHCILDVSGNAIKRLQVAQLYPVAVFIKPKSVDSVMEMNR .......... RM
xGxxY

659
dlg2 TEADLRRTVEESSRIQRGYGHYFDLCLVNSNLERTFRELQTAMxEKLRTEPQWVPVSWVY
p55 TEA. LQQLQKDSEAIRSQYAnYFDLSLVNNGVDETLKKLQEAFDQACSS PQWVPVSWVY

dlg3 FDEQQQEMAASAAFIDRHYGHLVDAVLVKEDLQGAYSQLKVVLEKLSKDTHWVPVSWVR
dlgldrome TEEQAKKTYERAIKMEQEFOEYFTGVVQGDTIEEIYSKVKSMIWSQSGPTIWVPSKESL

FIG. 2. Comparison of the predicted amino acid sequences of the p55, DLG2, DLG3, and Drosophila dig gene products. The putative
amino acid sequences are complete with the exception of dig, for which the N-tenninal 325 residues were deleted for clarity. The sequences
were compared using the PILEUP program (Wisconsin Sequence Analysis Package Version 8.0) with a gap weight of 3.6 and a length
weight of 0.30. The shading indicates the locations of the DHR, SH3, and GK domains. The sequence "GLGF" indicates the position of this
motif in Drosophila dlg (see text); GxxGxGK and TTRxxRxxExxGxxY are consensus sequences (where x is any amino acid) marking the
positions, in the GK domain, of the "anion hole" and the "GMP-binding motif," respectively.

the sequence motif, GLGF (Cho et al., 1992), which is the inclusion of DLG3 as a new member of the discs-
conserved in dig, hdlg, and PSD-95, is absent in DLG3. large family seems reasonable based upon the func-
The N-terminal region of the DLG3 protein most re- tional domains that it contains, which are common to
sembles p55; both proteins contain only one DHR all discs-large proteins.
(whereas the other members contain three), and the Analysis of DLG3 gene expression revealed that the
DHR in both proteins is poorly conserved compared transcript is present in all tissues tested, except for
with dlg. In contrast, the SH3 motif appears to be peripheral blood leukocytes (Fig. 3). At least four tis-
highly conserved between all members of the discs- sue-specific transcripts were identified, ranging from
large family, including the DLG3 gene product. Two about 2 to 4.5 kb. Thymus contained approximately
regions of the guanylate kinase domain deserve close equal proportions of two transcripts of 3.5 and 4.5 kb,
inspection, the "anion hole" and the "GMP-binding site" while spleen, prostate, ovary, small intestine, and colon
(Koonin et al., 1992; Willott et al., 1993). The anion contained an additional (though frequently poorly ex-
hole comprises the signature GxxGxGKST, which is pressed) 2.5-kb transcript. In testis only, a 2-kb mRNA
well conserved in p55, but contains a deletion in dlg, was identified (in addition to the three other tran-
hdlg, and PSD-95. In DLG3, the spacing is correct, but scripts) and was the most abundantly expressed tran-
the GKST residues are not retained, and thus it is un- script in this tissue. Since the largest transcript identi-
clear whether the putative DLG3 protein is a kinase. fled was about 4.5 kb, and the length of the cDNA from
The GMP-binding site contains the consensus se- the presumed ATG start codon to the poly(A) tail is
quence, TTRxxRxxExxGxxY, which is conserved in all only 2650 bp, it is not certain that the complete coding
dlg-related proteins with the exception of ZO-1 and ZO- sequence has been identified. RACE experiments and
2 and is present in DLG3, although the second arginine rescreening of libraries did not extend the cDNA se-
residue is replaced by a lysine, as it is in p55. Thus, quence further in the 5' direction, and thus the length
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with respect to each other is not known. Finally, the
V. observation that three genomic sequences present in

.- the EMBL and GenBank databases (EMBL Accession
"• E . •-Nos. T27219, T27220, and T27221), which are also de-
"•: • .• "= "rived from 17q12-q21, share identity with small re-

gions of the DLG3 cDNA sequence supports the local-
ization of the DLG3 gene on chromosome 17.

Comparison of the predicted DLG3 protein with that
-' of DLG2 showed that they contain similar structural

"domains: both proteins contain a single DHR, an SH3
- imotif, and a guanylate kinase domain containing a

highly conserved GMP-binding site. Overall, the amino
acid sequences of the two proteins share 36% identity
and 58% similarity, which is close to that observed for
both DLG2 and DLG3 compared individually with p55.
The relatedness of DLG2, DLG3, and p55 suggests a
common functionality, possibly as "linker proteins" im-
portant in coupling the cytoskeleton to the cell mem-
brane.

Another feature of the DLG2, DLG3, and hdlg pro-
teins (though not p55) is that they are each predicted

FIG. 3. Analysis of the expression of the DLG3 gene in different to start with the same three amino acids, MPV. While
tissues. A blot of RNAs extracted from various tissues was hybridized the function of the MPV signature is not known and
with a radiolabeled DNA fragment from the 40F1 cDNA that con- the sequence match is unlikely to be coincidental, the
tained most of the coding sequence of DLG3. No bands were identified
in the lane containing RNA from peripheral leukocytes; hybridization presence of this motif at the start of the DLG3 protein
of the same blot with an actin probe indicated that each lane was suggests that the translational start site of the DLG3
loaded with an equivalent amount of mRNA. gene has been correctly identified. The presumed ATG

start codon also occurs within the consensus Kozak
of the 5'-untranslated region (UTR) is not known. In environment, GCC(A/G)CCATGG, which is found at
any case, it is unlikely that the 5' UTR would account the translational start site of most vertebrate genes
for the discrepancy between the size of the transcript (Kozak, 1991). At the C-terminus, the p55 and DLG2
and the length of the coding sequence. Other possibilit- proteins end with the sequence WVPVSWVY, while the
ies include alternative 3' polyadenylation sites that in- DLG3 protein terminates with a near-identical se-
crease the length of the 3' UTR, or the ATG codon that quence in which the tyrosine residue is replaced by an
we identified as the translational start of the gene may arginine. Again, the function of this C-terminal motif
in fact be downstream of the true initiator, although is not known, but its presence in the predicted DLG3
this is unlikely (see below). Another explanation is that protein strongly indicates that the extreme 3' end of
other coding exons that are not expressed in fetal brain the coding sequence has been correctly obtained.
exist, and thus were spliced out of the cDNA clones Analysis of the nucleotide sequences of the p55,
that we had isolated. This explanation is all the more DLG2, and DLG3 genes using the BESTFIT program
plausible given the observation that most tissues tested (Wisconsin Sequence Analysis Package Version 8.0),
contain several different DLG3 transcripts, although which introduces gaps into the sequences to obtain op-
it is not known which variants are expressed in fetal timal alignment, reveals that they show approximately
brain. 60% identity to one another. The sequence homology

Recently, we reported another gene located on chro- among p55, DLG2, and DLG3 suggests that they belong
mosome 17, DLG2, that also encodes a protein belong- to a "gene family," although it is not clear whether
ing to the discs-large family (EMBL Accession No. other family members exist and how the genes evolved.
X82895; Mazoyer et al., 1995). The DLG2 and DLG3 However, the close physical proximity of DLG2 and
genes have both been mapped to the 280-kb YAC, DLG3 (p55 is located on the X chromosome (Metzen-
853B3, whose location on chromosome 17q has been berg and Gitschier, 1992)) suggests that the two genes
confirmed by fluorescence in situ hybridization (FISH) evolved by a duplication event.
(Albertsen et al., 1994). P1 clones containing the DLG2 Recent experiments indicate that the p55 gene prod-
and DLG3 genes have also been isolated and mapped uct is involved in coupling the cytoskeleton to the red
to 17q by FISH, although attempts at isolating clones cell membrane by forming a ternary complex with pro-
that contain all or part of both genes have been unsuc- tein 4.1 and glycophorin C (Marfatia et al., 1994). Pro-
cessful. The colocalization of DLG2 and DLG3 on tein 4.1 also binds to spectrin, a key component of the
853B3 certainly suggests that they are located close intracellular protein network that underlies the eryth-
together on the chromosome, although the precise dis- rocyte membrane. It is possible that the DLG2 and
tance between them and the orientation of the genes DLG3 gene products have a function similar to p55 in
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helping to maintain the integrity of the cell membrane Koonin, E. V., Woods, D. F., and Bryant, P. J. (1992). dlg-R proteins:

and its links with associated cytoplasmic proteins. Modified guanylate kinases. Nature Genet. 2: 256-257.
Kozak, M. (1991). An analysis of vertebrate mRNA sequences: Inti-

mations of translational control. J. Cell Biol. 115: 887-903.
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represents a distinct ARL isoform that maps to chromo-
A gene encoding a low-molecular-weight GTP-bind- some 17q12-q21.

ing protein was isolated from a retinal cDNA library A retinal cDNA library (Stratagene 937202) was
and mapped to human chromosome 17q12-q21. Corn- screened by hybridization with P1 phage clones located
pa Ason of the predicted protein with the protein data- on 17q12-q21. One of several positive clones that
bases revealed striking homology to the family of ADP- mapped back to chromosome 17q, 16RB1, contained an
ribosylation factors (ARFs), which are thought to be insert of 1376 bp and had a short poly(A) tail at one end.
involved in membrane trafficking and protein secre- Sequence analysis revealed a single long open reading
tion. The greatest homology observed was with the rat frame of 603 bp that was predicted to encode a protein
ARF-like 4 protein (ARL4), with which it shared 58% that has a molecular weight of 22.3 kDa (Fig. 1). Com-
identity, while the more highly conserved human parison of the nucleotide sequence of the 16RB1 clone
ARF1 and ARF3 proteins each shared 46% identity. In- with the n d sequence ui the BLAST
spection of the predicted new protein showed that it with the EMBL and NCBI databases using the BLAST
contained each of the six conserved motifs that are algorithm revealed identity to the partial sequence of
required for guanine nucleotide binding and hydroly- a human cDNA clone, c-29a01 (Accession Nos. Z40585
sis, and thus it is probably a novel ARF isoform. We and Z44776), while the predicted amino acid sequence
have designated the new protein and its correspond- revealed striking homology to ARF and ARF-like pro-
ing gene ARF4L. © 1995 Academic Press, Inc. teins from several different species. The greatest pro-

tein homology observed was with rat ARL4, which

showed 58% identity and 78% similarity (Fig. 2). In
ADP-ribosylation factors (ARFs) are a subfamily of contrast, the highly conserved ARF proteins were less

low-molecular-weight GTP-binding proteins that are homologous to the predicted new protein: human ARF1
thought to be involved in membrane trafficking and and ARF3 showed 46% identity to the new isoform.
protein secretion (2, 4, 6). Each protein has a predicted Since the predicted new protein meets the criteria for
molecular weight of approximately 20 kDa and con- belonging to the ARF family of GTP-binding proteins
tains six distinct domains that are required for nucleo- (see below) and the protein appears to represent a pre-
tide binding and hydrolysis (7). Three domains (PM1- viously unknown isoform, it has been designated the
3) are required for phosphate/magnesium binding, name ARF4L.
while the other three domains (G1-3) are required for Inspection of the predicted amino acid sequence of
guanine nucleotide binding. The genes for at least six the ARF4L protein reveals that it contains each of the
human ARF isoforms have been identified (3); compari- motifs required for guanine nucleotide binding and hy-
son of the deduced amino acid sequences indicates a drolysis (Fig. 2). While the motifs themselves match
high degree of sequence conservation. Mouse homologs the consensus very closely (with the exception of G3,
o" 'he human genes have also been isolated, and two which appears most like the human ARL2 isoform), the
rat genes, encoding ARF-like (ARL) proteins ARL1 and spacing between the PM2 and the PM3 domains in
ARL4, have been identified (5). The predicted ARL1 ARF4L is especially noteworthy, since it is similar to
and ARL4 proteins also contain the six conserved mo- that in rat ARL4: both of these proteins contain an
tifs required for GTP-binding and hydrolysis, but share extra five amino acids that are absent from the other
only 55 and 41% identity to ARF1, respectively. Here, ARF and ARF-like proteins. In common with the other
we report the cloning of a novel human ARF gene that members of the ARF subfamily, ARF4L contains a gly-
is most homologous to rat ARL4, but that probably cine at position 2 and does not contain any cysteine

residues in the C-terminus of the protein, which are

Scquence data from this article have been deposited with the common in other GTP-binding proteins. Thus, the in-
EMBL/GenBank Data Libraries under Accession No. L38490. clusion of the ARF4L protein as a member of the ARF

'To whom correspondence should be addressed. Telephone: (801) subfamily seems reasonable based upon its alignment
585-6224. Fax: (801) 585-3833. with known members of this family.

113 GENOMICS 28, 113-115 (1995)
0888-7543/95 $12.00

Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.



114 SHORT COMMUNICATION

The precise functions of the ARF and ARF-like pro- rARL4 MGNGLSDCTSILSSLPSFSFXVILGLDCAGKTTVLYR.QF!8PNVTV 49S L P FQ. H-11-+GLD AG;KT,+LYRI,.F EFV +V

teins are unknown. Several studies have indicated that hA R4 L MGNHLTEMAPTASSFLPHFQALHVVVIGLDSAGKTSLLYRLKFrEPVQSV 50- -+-(GLD÷AGKT- LYýLK E -+

some of the ARF genes show tissue-specific expression. hARF1 MGNIFANLFKGLFGPEMRILMVGLDAAGKTTILYrLKLGEIVTTI 46

For instance, ARF5 is expressed predominantly in P1 G1

brain, and ARF4 is expressed in adipose tissue but not
rARL4 PTKGFNTEKIKVTLGNSKTVTFHFWDVGGQEKLRPLWKSYTRCTDGIVFV 99

PTKGFNTEFK:V LG S- CTF WDVGCQEKLRPLWrSY R TDG+VFV

hARF4 L PTKGFNTEKIRVPLGGSRGITFQVWDVGGQKLR PLWRSYNRRTDGLVFV 10028 P55i rIVoVc~rPu90 LP
gc cagg ttct 9999 ctcPT GFN E , , 1÷F VWDVCGQýKRPLWR Y" + T GL.FV

gca cog gog 181 ctg cgg 800 tnt 9c ggg ocg gct 9cg gtg tt- ac egg gga hAPFl PTIGFNVETVZY ----- KNISFTVIDVGGODKIRPLWRHYFQNTQGLbPV 91

82 109 PM2 PM3
aag gct cga gga gag cgc ggc tca cga gag ata acE cag ctg tgc tcc ctg gaa

136 163
cnt tca alt tca agg cct ccc tgc Ctc tac tag gcg cct tag Ctc act ATG GGG rARL4 VDSVDVERMEEARTELHKITRISENQGVPVLCVANKQDLRNSLSLSEI8K 149

MET GCy VD- + LR.EOAK 5LH-r R SrNQCVPV1/LA1KQD ÷LS +E-EK

190 217 hAPF4L VDAAEAER3.LEAXVELHRISRASDNQGVpVLVLANK1ODOPGALSAAEVEK 150
AAC CAC TTG ACT GAG ATG GCG CCC ACT GCC TCC TCC TTC TTG CCC CAC TC CACA- V ER, EA, E' R+ + LV ANKQD P A+-AAE+
Ash His Leu Thr Gl Met Ala Pro Thr Ala Ser Set Phe Leu Pro His Phe Gin hARFl V)SN RERVNiAREELMRMLARDELRDAVLLVFANKODLPNAMNAAEXTD 141

G2
244 271

GCC CTG CAT GTC GTG GTC ATT GGG CTG GAC TCT GCT GGA AAG ACC TCC CTC CTT
Ala Leu His Val Val Val le Gly Leu Asp Ser Ala Gly Lys Thr Ser Leu Leu

rAOL4 LLAMGELS SS TPW38LQPTCA I I GGLKZGLEKLHDMS I KPRDKMQQKKK 199

298 325 LA, EL+- T H.Q A. G GL-CLE-L.-MILKRK R KK+
TAC CGS CTC AAG TTC AAG GAG TTT GTC CAG ACT GTC CCC ACC AAA GGC TTC AAC hARF4L RLAVRELAAATLTHVQGCSAVDGLGLQQGLERLYEMILKRKXAARGGKJIR 200
Tyr Arg Leu Lys Phe Lys Glu Phe Val Gin Set Val Pro Thr Lys Giy Phe Asn +L + L +-Q A G GL C•. L . +K

hARF1 KLGLHSL-RHRNWYIOQATCATSGDGLYEGLDWLSNQLRNOK 181
352 379

ACC GAG AAG ATC CGG GTG CCC CTC GGG GGA TCG CGT GGC ATC ACC TTC CAA GTC G3
Thr Glu Lys Ile Arg Val Pro Leu Gly Gly Ser Arg GCy 1le Thr Phe Gln Val

rARL4 R 200
456 433

TGG GAC GTC GGG GGG CAG GAG AAG CTG CCA CCA CTG TGG CGC TCT TAT AAC CGC C

Trp Asp Val Gly Gly Gin Glu Lys Leu Arg Pro Leu Trp Arg Sec Tyr Asn Arg hARF4L R 201

46C 487 FIG. 2. Comparison of the predicted amino acid sequence of the
CoG ACA GAC CGT CTA GTG TTT T GTG Ga AC GCT GCG GAG GCT GAG CGG CTT GA
Arg Thr Asp Gly Leu Val Phe Val Val Asp Ala Ala Glu Ala Glu Arg Len Glu human ARF4L protein with rat ARL4 and human ARF1. The de-

514 541 duced amino acid sequence of ARF4L was aligned with ARL4 and
GM GCC MG CCC GAG CCC CAC CCA ACC ACC CCC GCC TCC GAC MC CAC CCC CCC ARF1 with the help of the BLAST algorithm. Hyphens represent
Clu Ala Lys Val Glu Leu His Arg Ile Ser Arg Ala Ser Asp Asn Gin Gly Val gaps introduced into the sequences for optimal alignment; + indi-

568 ------------- cates a conservative substitution. The consensus motifs presumed to
CCA GTS CTG GTG CTC GCC AAC AAG CAG CAC CAG CCC GGG GCA CTG AGC GCT GCT
Pro Val Leu Val Leu Ala Asn Lys Gin Asp Gin Pro Gly Ala Leu Sen Ala Ala be involyed in phosphate/magnesium binding (PM1-3) and guanine

-S2- - 622 649 nucleotide binding (G1-3) are underlined in the ARF1 sequence.
GAG GTC GAG AAG ACG CCC GCA GTC CGA GAG CTA GCA GCC GCC ACT CTC ACT CAT
Giu Val Glu Lys Arg Leu Ala Val Arg GIu Leu Ala Ala Ala Thr Leu Thr His

676 ----- 82AR--- in brain, heart, or muscle (5). The rat ARL4 gene, which
CCC CAA CCC CCC 0CC CCC CCC GAC CCC CCC CCC CCC CAG COG CCC CCC GAG CCC
Val Gin Gly Cys Sen Ala Val Asp COY Len Gly Len Gin GIn Gly •e• Giu Org shows greatest homology to ARF4L, is not expressed
------------- 730 757 in undifferentiated fibroblasts, but is abundant in dif-
CTC TAT GAG ATC ACC CTC AAG AGG AAG AAG GCA CCT CGG GGT GGC AAG AAG AGA
LeunTyr Gin Met SIl Len Lys Org Lys Lys Ala Ala Aro Gly COY Lyn Lys A• g ferentiated cells with an adipocyte-like phenotype (5).

784 811 This may suggest that the function of ARL4 is related
CCC TA• ... ag .E .C tC t c cSTtP a a t ct .... ac to the differentiation state of fibroblasts, although the
Org SCGP

838 ARL4 gene aiso ato be in heart,
tgg aca oca ggg tOO gac cag cct gtg acc tct cag tca gac tgo ggt gca gga appears expressed brain,

892 9i9 and muscle. At the moment, therefore, it is difficult tocct gtc cac ctc nat gaa gga gag agg agc atg ggg tgt ccc gtt ttg gtg ccao46 aot speculate on the function of the human ARF4L protein

can tgo oot g00 Oat 000 aoa too at otc ttt oca tat Etc tct cat Ccl tc. without further insight into the functions of the other1oo0 1027 ARF and ARF-like proteins.
tgg aga ag0 ggg Cgc tgc agg act gtg gag acg taa atg taa act gtg act ata

1054 1081
Cnt cga ccc tot tyc tta ttt ttc ttc tct ggc taa aaa tt tta att gga tgt
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Summary

Chromosome 17q21 harbors a gene (BRCA1) associated with a hereditary form of breast cancer. As a step toward
identification of this gene itself we developed a number of simple-sequence-repeat (SSR) markers for chromosome
17 and constructed a high-resolution genetic map of a 40-cM region around 17q21. As part of this effort we
captured genotypes from five of the markers by using an ABI sequencing instrument and stored them in a locally
developed database, as a step toward automated genotyping. In addition, YACs that physically link some of the
SSR markers were identified. The results provided by this study should facilitate physical mapping of the
BRCA1 region and isolation of the BRCA1 gene.

Introduction fall within this region or flank it closely on either side.
Breast cancer is an often fatal neoplastic disease of To facilita'te efforts to identify the BRCA1 gene itself,

mammary tissue that causes '-50,000 deaths/year in we have integrated these new markers with previously

the United States alone. Most cases are sporadic, with known markers to form a highly resolved genetic map

no apparent genetic lineage. However, a hereditary Thi reg of the long arm of c
form of the disease, observed in approximately 5% of The new SSR markers were developed as part of a
all cases and characterized by early age at onset, has comprehensive effort to generate large numbers of
been genetically linked to marker loci on chromosome highly informative DNA markers with which a high-res-
17q21 (Hall et al. 1990). A summary of 13 published olution genetic map of the entire human genome might
reports located the cancer-predisposing locus, BRCA1, be constructed. Such loci are easily typed by the PCR,

within the interval defined by D17S250 (mfdl5) and using unique primers flanking each variable-repeat re-

D17S588 (42D6)(Easton et al. 1993). Several authors, gion (Saiki et al. 1988; Weber and May 1989; Orita et

however, had suggested a more narrow localization de- al. 1990). That markers of this type are abundant and

fined proximally by THRA1 and distally by D175579 highly informative has been shown by several studies

(mfdl88) (Bowcock et al. 1993; Devilee et al. 1993; describing di-, tri-, and tetranucleotide repeats (Litt and

Simard et al. 1993; Smith et al. 1993). The genetic dis- Luty 1989; Economou et al. 1990; Weissenbach et al.

tance separating these two markers is -5 cM (O'Con- 1992; Melis et al. 1993). As part of an effort to auto-

nell et al. 1993). In the study reported here, we found mate SSR genotyping, five of our new markers in the

supporting evidence for this estimate and identified 25 BRCA1 region were fluorescently labeled, gel sepa-

simple-sequence-repeat (SSR) markers, many of which rated, and analyzed on an automated AB1373A DNA
sequencer (Ziegle et al. 1992). Specialized software was
developed to facilitate capture and storage of allelic

Received July 27, 1993; accepted for publication October 25, information.
1993. In addition to providing genetic information, the

Address for correspondence and reprints: Dr. Hans Albertsen, Ec- new SSR markers can serve as anchor points for a physi-
cles Institute of Human Genetics, Building 533, Room 2100, Salt cal map of the BRCA1 region. By screening the CEPH
Lake City, UT 84112.
@ 1994 by The American Society of Human Genetics. All rights reserved, library of YACs (Albertsen et al. 1990), we have identi-
0002-9297/94/5403-0015$02.00 fled several YACs that provide evidence for physical
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linkage among some of the SSR markers on the genetic systems, Foster City, CA). After lyophilization, the
map reported here. primers were resuspended in 300 1 I of TE_4 (10 mM

Tris-CI pH 7.8, 0.1 mM EDTA pH 8.0). Primer concen-

Material and Methods trations were determined by densitometry at 260 nm,
and working stocks were prepared at 25 pmol/pi..

Preparation and Screening of Sau3A-digested Genomic

M l3 Library Primer Selection and Development

Genomic DNA from lymphocytes of a human male PCR primers were developed using a locally devel-
was digested with Sau3Al, partially filled in with oped computer program, OLIGO (J.-M. Lalouel and T.
Klenow large fragment and dGTP/dATP, and size frac- Eisner, personal communication), on the basis of ge-
tionated on a 1.2% agarose gel. DNA fragments of nomic sequence flanking the repeats. This program al-
400-900 bp were recovered from the gel and ligated lows sequence comparisons between oligonucleotide
with M13mpl8 vector that had been digested with Sail primers and Alu consensus sequences, to detect homol-
and partially filled in with dTTP/dCTP. The library ogies and to exclude primers with homologies above a
was plated on Luria-Bertani-medium plates, transferred user-defined threshold. PCR conditions were opti-
to nylon membranes and UV-cross-linked, and hybrid- mized with respect to MgCI2 concentration (1.0, 1.25,
ized sequentially with end-labeled oligonucleotide 1.5, 2.0, 3.0, and 4.0 mM) and annealing temperatures.
probes (dG-dT)10 , (dA 3-dT)6, (dA 3-dG) 6 , and (dA-dG- The size of each PCR product was determined from the
dA-dT)6. Hybridization was carried out for 3-4 h at sequence and verified, first through gel electrophoresis
65'C in 10% polyethylene glycol, 7% SDS, and 1.5 in 5% NuSieve 3:1 agarose (FMC BioProducts, Rock-
X SSPE (NaCI-NaHPO4-EDTA buffer). Membranes land, ME) and later through acrylamide gel electropho-
were washed in 6 X SSC and 0.1% SDS at 65°C. resis. The primer sequences and their characteristics are

listed in table 1 for each of the 25 new SSR markers on
Sequencing of Positive Clones chromosome 1-7.

Positively hybridizing plaques were directly picked
into 100 -p1 PCR cocktails containing 10 mM Tris-HCI Radioactive Genotyping
pH 8.8, 40 mM NaCI, 1.5 mM MgCI2 , 5 pmol of each The primer of each pair that showed the least homol-
vector primer (A-TGT AAA ACG ACG GCC AGT ogy to Alu was labeled with 32P in a kinase reaction.
CGC CAG GGT TTT CCC AGT CAC GAC; and B1- PCR was carried out for a total of 30 cycles. Denatur-
CAG GAA ACA GCT ATG ACC AGC GGA TAA ation was done at 95°C for 6 min in the first cycle and
CAA TTT CAC ACA GGA); 2.5 ltmol each of dNTPs, for 10 s in each of the subsequent 29 cycles; annealing
and 2 U of Taq DNA polymerase (Boehringer-Mann- was done for 10 s at the temperature specific to each set
heim, Indianapolis). The reaction mixtures were heated of primers; and extension was done at 72'C for 20 s.
at 94'C for 6 min, and the PCR was performed on a The reactions were carried out in a 96-well Techne
GeneAmp PCR System 9600 (Perkin-Elmer) for 25 cy- MW-2 thermal cycler (Techne, Cambridge). PCR prod-
cles as follows: 95°C for 20 s (denaturation), 60'C for ucts were mixed with a formamide dye solution (98%
20 s (annealing), and 72°C for 20 s (extension). The formamide, 0.1% xylene cyanol, 0.1% bromophenol
amplified inserts were purified with a Centricon-100 blue, and 10 mM EDTA) and heated to 94°C for 4 min.
microconcentrater (Amicon, Danvers, MA), and the se- A 3-p.l aliquot of each sample was electrophoresed
quencing reactions were carried out on ABI Catalyst through a 7% denaturing polyacrylamide sequencing
(Applied Biosystems, Foster City, CA) by the dideoxy gel with 32% of deionized formamide, 5.6 M urea, and
chain-termination method using fluorescently labeled 1 X TBE (Tris-boric acid-EDTA buffer). After electro-
M13 sequencing primers: -21M13-TGT AAA ACG phoresis, the gels were exposed to X-ray film without
ACGGCCAGT;andM13RPI-CAGGAAACAGCT drying, at -70'C for 12-24 h, with intensifying
ATG AC. The sequences were collected on an screens.
AB1383A sequencer (Applied Biosystems, Foster
City, CA). Fluorescent Genoty ping

As with radioactive genotyping, the primer showing
Primer Synthesis the least homology to Alu was labeled, albeit with a

Primers were synthesized in 40-nmol reactions by us- fluorochrome, for detection on an AB1373A sequenc-
ing an AB1394 DNA/RNA synthesizer (Applied Bio- ing instrument. Of the three different dyes, the blue dye



Mapping the BRCA1 Region on Chromosome 17q21 519

(FAM) can be incorporated directly onto the 5' end of Results and Discussion
an oligonucleotide on the DNA synthesizer; labeling To supplement the existing archive of SSR markers,
with the yellow and green dyes (TAMRA and JOE) we have developed >2,000 genomic-sequence-tagged
requires synthesis of oligonucleotides with aminolink 2 we base pedo>2,000 g enomic-equen e-(400808, ABI) attached 5', and subsequent addition of markers based predominantly on tetranucleotide re-
the0808, appro attahedy eandsubster. Ur aceddytisn r- peats, as this type of repeat is, in general, highly infor-the appropriate dye-NHS ester. Unreacted dye is re- mative and tends to show less susceptibility to PCR
moved by means of a PD-10 column (17-0851-01, Phar- atifecandstends to show le suceptibi to PC
macia) (for technical details, see Genescan 672 Software artifacts such as laddering than the dinucleotide (CA)nUser's Manual, Appendix D, ABI). Unlabeled oligonu- repeats (Litt and Luty 1989; Tautz 1989). To augment

ase re removlAppendix on apuri Unatn cridge, the marker density on chromosome 17 specifically, a
cleotides areflow-sorted cosmid library (a gift from Dr. L. Deaven,
(400771, ABI; User Bulletin 51, ABI). fLos Alamos National Laboratory) was subcloned into

To establish working conditions for each primer th

pair, PCR was performed on a few samples of DNA the M13 sequencing vector and screened for the pres-

from the CEPH reference panel in a GeneAmp PCR ence of selected di- and tetranucleotide repeats; appro-
System 9600. Reaction volumes of 100 gIl contained priate SSR loci were sequenced for development of
400 ng of template, 200 Rai M each dNTP, 0.5 jiM each primers. Approximately 80 new SSR markers for chro-

mosome 17 were obtained in this way (data not shown).
primer, 2.7 U of Taq DNA polymerase, 0.24 mM sper- We have now mapped 25 of those markers, by genetic
midine, 10 mM Tris-HCI pH 8.7, and appropriate con- linkage analysis, to a 40-cM region surrounding the
centrations (1.0-4.0 mM) of MgCI2 . Annealing temper- BRCA1 locus.
atures were estimated on the basis of primer sequence
and were adjusted where necessary. The fluorescent
PCR products were also tested for optimal signal on the L clatien o N e the e rs to lt e in i nR e
sequencing instrument, by analyzing aliquots taken at Strategies to reduce the effort involved in linkage
14, 17, 20, and 23 cycles to determine the number of analyses, by reducing the number of genotypes required

cycles necessary to observe a specific product with for map construction, are being implemented in our
minimal formation of spurious product. Following the laboratory. One of these strategies begins by genotyp-
establishment of working conditions, the PCR reac- ing each new marker in only four CEPH pedigrees (884,
tions were proportionally scaled down to 25 gl and 1331, 1332, and 1362) and comparing two-point lod
were used for genotyping individuals in the CEPH scores obtained with selected loci, to determine an ap-
panel. proximate chromosomal location; the marker is then

genotyped on a panel of CEPH individuals with known
Linkage Analysis meiotic breakpoints in that region. An initial rough lo-

All linkage analyses described in this paper were per- calization of each new SSR marker to the BRCA1 re-

formed using four programs from the LINKAGE pack- gion was based on information from the four selected
age (version 5.1): CFACTOR, CLODSCORE, CILINK, CEPH pedigrees. The power of a two-point lod score

and CMAP (Lathrop et al. 1984). analysis in these pedigrees, when testing SSR markers
against the Genethon markers (Weissenbach et al.

Linkage Data 1992), depends on the degree of informativeness of
Linkage data used in this study were derived partly both markers in the comparison, as well as on their

from O'Connell et al. (1993), partly from the CEPH genetic distance. For two completely informative
database (version 6), and partly from genotypic analysis markers <5 cM apart, the lod scores can approach 20.
of new SSR markers that were labeled with 32 p or with a However, in light of the fact that markers in the com-
fluorochrome. parisons rarely reveal complete genetic information,

most SSR markers are assigned to particular chromo-
Identification of YAC Clones somal regions with lod scores of 6-15 and recombina-

To initiate the development of physical representa- tion fractions of .05-.20.
tion from the BRCA1 region, the CEPH library of
YACs was screened by PCR according to a protocol Selection of Markers for the BRCAI Map
described by Green and Olson (1990). Some of the The initial stage of the genetic analysis of markers
YACs isolated in this way identified close physical link- from the BRCA1 region was in part based on results
age for several of the SSR markers described here. published elsewhere (O'Connell et al. 1993), which had
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Figure 3 Upper right, Karyogram of chromosome 17, with a vertical line to indicate the approximate coverage of the map developed in
this study. Left, All markers that could be linearly ordered with odds >1,000:1, starting, at the top, with the most centromeric marker, NFL.
D17S74 marks the map boundary on the telomeric side. Recombination frequencies between neighboring markers are indicated on the left side
of the map, and the odds against inversion in each interval are on the right. The markers that could not be placed in a single interval on the map
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interval; however, the location of UT401 around D17S250 is favored with >40:1 odds over the other location. The location of THRAI, shown
by its confidence interval, is based on the genetic information; however, since this location is in disagreement with observations made with
YACs and pulsed-field gel electrophoresis, its physical location is indicated by a plus sign (+). PPY could not be placed into an unambiguous
confidence interval with 1,000:1 odds and is therefore shown on the map by a dashed line to indicate its most likely location.

analyzed for errors and, where possible, were tested by YACs; data not shown); yet the genetic analysis ex-
secondary typings (see O'Connell et al. 1993). Inconsis- cluded UT205 from the 1,000:1-odds interval of
tency between the genetic and the physical map loca- THRA1. The physical location of THRA1 in the imme-
tions of THRA1 suggested that the genetic data were diate vicinity of the UT205 locus is supported by obser-
probably incorrect, in that this gene had been physically vations using pulsed-field gel electrophoresis (Lemons
linked to UT205 on YAC 44F8 (280 kb) (and on other et al. 1990). We attempted to place another marker,
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A physical map and candidate
genes in the BRCA I region on
chromosome 17q12-21

H. M. Albertsen', S. A. Smith', S. Mazover, E. Fuiimoto', J. Stevens', B. Williams;,
P. Rodriguez', C. S. Cropp3, P. Shiepcevic:, M. Carlson', M. Robertson', P. Bradley',
E. Lawrence', T. Harrington2 , Z. Mei Sheng", R. Hoopes', N. Sternberg', A. Brothman',
R. Callahan', B. A. J. Ponder' & Ray White'

We have constructed a physical map of a 4 cM region on chromosome 17q12-21 that
contains the hereditary breast and ovarian cancer gene BRCA 1. The map comprises a
contig of 137 overlapping yeast artificial chromosomes and P1 clones, onto which we
have placed 112 PCR markers. We have localized more than 20 genes on this map, ten
of which had not been mapped to the region previously, and have isolated 30 cDNA
clones representing partial sequences of as yet unidentified genes. Two genes that lie
within a narrow region defined by meiotic breakpoints in BRCA 1 patients have been
sequenced in breast cancer patients without revealing any deleterious mutations. These
new reagents should facilitate the identification of BRCA 1.

'Eccresinnuttof' At the end of 1990, a susceptibility gene for hereditarv known to flank BRCAI. Several clones were identified
Human Getics breast and ovarian cancer. BRCA 1, was assigned by genetic that formed small islands of overlapping DNA fragnents.
an Howard linkage to the long arm of chromosome 17 (ref. 1) About With the map seeded in this way, the Wirslds were extendedHughae Medica

umr.. UnMe,'arv 5% of all breast cancers appear to be hereditary. Using and adiacent islands bndged bywalking. Thiswasdonebv

of U•a• Si L meiotic breakpoints, a consortium of investigators cloning and sequencing the extremities of YAC and PI
City, Umh a42. subsequently refined the region containing BRCAI to a inserts from which we could develop new sequence-
USA -12 centiMorgan (cM) (sex averaged) interval flanked tagged-site ISTS) markers, We used the STS markers to
'CRC Human proximally by D17S250 and distally by D17S588 (ref. 2). isolatenewclonestherebvextendiLg the pnvslcalcoverage
Cancer Gentrics Other recombinauon events in BRCA I families narrowed of the region. In the process of assembling the conug. weResea.'rch Group.DRawcihGr of the location ofBRCA 1 further to a region of less than 4 cM were careful to test the chromosomal ongin of each newlv
PDalnovy, defined by the thyroid receptor gene A I (THRA 1) (ref. 3) developed pair of primers, to avoid introducing errors in

Unrwmrvor' and D17S579(ref. 4). In addition to its role in familial the map as a consequence of chimaeric YAC clones. As
Cambindge. Tennis breast and ovarian cancer, BRCA I is probably involved in Fig. I (column 4) indicates, 46 of 127 primer pairs (37%)
Court Road. non-familial forms of the disease, a concept which is developed from YAC ends were cumaernc and therefore
Cambndge supported bytheobservatnon that 17q is a frequent site of not useful as map reagents. In all. a total of 112 PCR
C321QP, UK iossoftheterozygosity (LOH) in sporadic breast and ovarian markers were mapped, of which 92 were developed in our
'Laiatiry ot
Tumor Immuno•,rv turnours. laboratory and 20 were obtained from other sources. Of
and Bioloo', High-density maps of polymorphic markers and genes the 104 YAC clones we analysed. 20 had been identified in
National Cancer in chromosome 17q12-21 have been constructed using parallel from the CEPH YAC library by other research
lamnire. NIH. genetic', radiation hybri•" and FISH' data for the purpose groups who made the mapping information available via
Bhesa. Marviand of localizing BRCAI more precisely. Using the available World Wide Web (WWW) database servers, and nine
20892. USA markers and genes, we have developed a physical map of clones were isolated from the St. Louis YAC library and'Thte Du PontTe rck the region. In turn, we have used the physical map reagents made available by the Michigan Genome Center. A total

Phanrnreuncai to screen cDNA libraries. In this way we have identified of 33 PI clones were isolated from the Du Pont PI phage
Company, several new genes in the minimal region of 1-2 cM, that is library. A chart indicating which genomic clones were
Wilmington. nowthoughttocontainBRCA1.Thesegenesarecurrently positive for which markers is shown in Fig. I.
Delaware 19M- beinginvesugatedascandidates forthe BRCAl geneitself. Several regions of the contig appear to contain YACs
0328. USA which show evidence of rearrangement or internai

Cortspondece Conthrctlon of the physical map deletion. For instance, three clones (251H5, 883E6 and
showadbe aarvad Todevelopphysicalcoverageofthe BRCAI region, large- 963B10) indicate a link between D17S579 and PPY, and
to H.M.A inseveast artificial chromosome (YAC) "I- and PI" this link is supported by pulsed-field gel electrophoresis

libraries were mitiallv screened witn a small collection of (PFGE) experiments". However. we have not been able to
polymorphic and non-polymorphic PCR-based markers resolve this link unambiguously, most likely because of
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STS markers usea in mop constructlon
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Fig. 1 (This and next page) YAC and P 1 clones in the BRCA 1 region. a and b, Slightly overlapping charts of YAC and P1 clones in the interval
between 0 1 7S579 and ERBB2. The map indicates wh~ich clones, indicated in the address column. are posMtVe for the STS markers.
;)clymorpnisnms and genes indicated across the top of the Fig. The STS markers, genes and polymorphisms used to constiruct Fig. 2 are
indicated in bold type. Markcers that are present in a clone are indicated with a +.. Clones from the ICI library can be identified by two letters
tociether within their names. Clones from the St. Louis library have a single letter prefix. The sizes of Pi clones were not determined as they are
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internal deletion within YACs in this region. Similarly, positive YAC recovered and that YAC was approximately
genetic evidence supports a close link between D1I7S579 80 kb in size. The small size of this YAC was consistent
and D17S509(ref. 6), but it has not been possible to with it being considerably shortened bvdderieon.In several
confirm this link with certainty in the YACs. For instance, regions of the contig it was only possible to bridge two
DI 7S579 and D I 7S509 identified the same coordinates in adiacent SITS markers by isolating P1I clones. For instance,
the YAC library, 259D2, but it was not possible to recover PFGE experiments indicated that 283F1l-5 and 22 1F11-5
a single YAC clone positive for both markers even upon are in close proximity; however. neither the CEPH nor the
testing 40-50 colonies from that plate address. Similar ICI YAC libraries contained clones bearing both markers.
evidence for instability in YAC clones was observed in In contrast, a P1I clone, I OC7, identified with 221 F1I 1- 5
other regions as weil. Forexampie. one address, 99G6, was was positive with both markers thereby bridging the gap.
positive for the markers UT62, 361H I 1- 3. 104H3-3 and The fragment of DNA represented by 10C7, which was
283FII-5. Only upon screening with 283F1l-5 was a apparently absent from the YAC libraries, appeared tobe

STS markers iLed in moo Corsstruction
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Fig. 2 Contig of overlapping YAC (darl blue) and P1 (light blue) clones from the BRCA I region, showing approximate locations of 39 genetic
markers (in black type) and genes (in red). Black arrows at th~e bottom of the map indicate meiotic bounlaries thdat incrementally nave helped
to rehne the BRCAI lOCuS. The map is drawn with a minimal set of reagents, composed of 41 YACs and 11 P1 clones, that cover this interval:
detailed information about these and additional clones can be found in Fig. 1. The map is estimated to span a physical distance of • 3.5 Mb as
fudged by the accumulated size of non-overlapping clones. At the top of this Figure, genes and cDNAs that were identIfied and/or precisely
malpoed in the present study are shown in red, with the direction of transcription indicatedl, where known. Circles indicate the three P1 clones
maooed by FISH in the expenment shOWn in Fig. 3, in their resoective colours. A previous candidate for the BRAC1 gene, MDC. was idlentified
by Emi et a/.' 0 and localized between 017S579 and PRY.

amenable to cloning in the P1 vector, of the YACs contain deletions, and only about 100 points
Anewlyidentifiedpolymorphism ,TT8175, recognizing along the length of the map have been tested, we cannot

locus D17S1136, was developed from the end-clone of exclude the possibility, that other small deletions exist
YAC 308B3, which contained a nearly perfect (A•G),• which remain undetected. Overall, the map establishes
repeat. Primers designed from this locus revealed four the likely linear order ofa large coLlection of PCR markers
alleles and genetic analysis in a subset of CEPH pedigrees over a -4 megabases (Mb) region.
confirmed regional localization by showing tight linkage
to UT394 and D17S800. Vertfic~aton of the map by in situ hybridization

A map of selected overlapping clones from the 4 cM To help verify our physical map, we analysed several YAC
region between D17S579 and THRA) is shown in Fig. 2. and P1 clonesbyinsiruhybridization.Fournon-chimaeric
The information on the order of the markers is dernved YACs (A79D1, 397F9, 16CF4 and 17D1 I) that were
from the overlapping P1 and YAC clones (Fig. 1). The ascertained with D17S579, THRAl, UT394 and UT8
region betweer. PPY and D17S579, which appears to respectively, were each tested on 20 metaphase spreads
contain YACs that have suffered deletions or and shown to map to the proximal region chromosome
rearrangements, has been included in our map. A small 17q. Dual-colour hvbridization of the YACs further
break in the contig occurred between THRA I and RAJRx. supported the relative ordersuggested by PCR experiments
No YACs could be isolated that linked THRA 2 to the Idata not shown). In another series of experiments, the
contig, but a link between THRAI and RARA has been relatnveorderofselectedtripletsofeightPlclones(110D12,
demonstrated by PFGE16. Since a significant proportion l0Hi 1, 92E1 I, 26F4, 124F2, 108B1 1, 50H1 and 59H9)

was determined by hybridization to interphase
preparations, and found to be in agreement with the

Table F Results of duel-colour P1 hbr0 lizatlon physical map (Table 1). An example of one such

P1 tnplet Signal between Signal Signal outside experiment is shown in Fig. 3, which confirmed that clone
supenmposeo I0HiI is located between 110D12 (ascertained with

(%) (%) (%) D 17S509) and 26F4.

110D12-10H11-26F4 81 7 12110D12-9E!-124F2 65 22 13 Identification of genes 1n the BRCAI region
10H11-2g2 oA-50H1 65 15 20 Crucial to the identification of BRCAt is the isolation of
26E4-10(c11-59H9 79 16 4 eDNA clones from the minmatl region that is thought to
26E4-5to1-59H9 90 6 5 contain the disease locus. The minimal region has been
108B11-ou hi-s9H9 92 a c systematically narrowed by the identificaton of critical

recombmnation events in BRCA I famitie 0 : :he most recent
Two of the P1 clones were labelled with a red fluorocprome observations suggest a location for BRaCAo proximal to
and a third (underined), was labelled with a green D17i78wref. 17) and distal to D7S776 tref. 18), a genetic
fluorocnrome. For each experment 100 interpease distance of 1-2 cM. Usint YAC and P1 clones from this
cnromosomnes were scored. The Table indicates thepercentage of chromosomes in which tne green-labelled region, we have located and determined the nuc1eotide
cione hybn tized between the two red labelled clones sequence of five genes (Table 2 and Fig. we and have
lcolumn 2), supenmposed on one of the red-labelled clones identified atleasts30othercDNAclones forwhich wehave
tcolumn 3), or outside of the interval defined by the two rec partialseouenceinformationp lnoneseriesotexperimentio

labelleda clones (column 4) YACs 727A12 and i9DCa were isoiated from the



Other genes on the physical map
We placed a number of known genes which had beer,

mapped genetically on 17q12-21 accurately on our
physical map (Fig. 2) by designing STS primers from the
published sequences. For example, the 2'-3'-cyclic
nucleotide Y-phosphohydrolase (CNP) gene', which had
previously been mapped in the 6-cM interval between
THRAI and nerve growth factor receptor (NGFR), has

now been localized between D1 75776 and GAS. Similarly,
the insulin-like growth factor-binding protein 4 (IGFBP4)
gen" 4 which had been mapped on 17q 12-21, was localized
between D17S857 and RARA.

Other genes were localized through comparisons of the
sequences of the YAC end clones with published sequence
data. Such comparisons revealed that the 5' end of YAC
417D9 had identity to part of the human DNA
topoisomerase 11 (TOP2) mRNA-5 (GenBank accession
no. 104088). The sequence identity extended for 79

Fig. 3 Fluorescent in situ hybridization of P1 clones In this basepairs (bp) and diverged at position 4304 in the J04088

example, three P1 clones (110D12, 1OHl1 and 26F4), from sequence, suggesting an intron/exon boundary at this
the BRCA1 region on the proximal long arm of position. The orientation of the coding sequence of the
chromosome 17 were mapped relative to each other. This TOP2 gene in the YAC indicates that transcription of this
experiment performed on F6606 skin fibroblast cells gene is toward the centromere. Similarly, the 5' end of
arrested at interphase, confirmed that 1 OHi 1 (green) is YAC 263C 11 had 50 bp of identity to the human ATP
located between 110D12 and 26F4 (both red). citrate lyase (ATPCL) gene"° (GenBank accession no.

X64330), suggesting that ATPCL is also located within the
BRCA I region. Divergence of the two sequences at position

endogenousyeastchromosomesbyPFGE, radio-labelled, 1556 in the X64330 sequence suggested that an exon/
and used as hybridization probes to screen a fetal-brain' intron boundaryislocated at this position. The orientation
cDNA library. YAC 727A12 identified several positive of the coding sequence in the YAC end-clone indicated
clones, one of which, IGI-1, had sequence identity with that transcription of this gene also is toward the
IA1.3B, which was recently reported by Campbell and centromere. The 5' end of 883E6 showed 98% identity
colleagues'9 .YAC 19DC6 identified more than 20 positive over its entire length to 398 bp of the 3' untranslated
clones, although most of these clones appeared to be region ofthepeptideYY(PYY) gene27(GenBankaccession
derived from the chimaeric ends of the YAC. As many of no. L25648), indicating that PYY is located close to the
the YACs in the critical region had chimaeric ends and pancreatic polypeptide Y (PPY) gene. PYY and PPY are
YAC probes proved troublesome to radiolabel with members of the small-peptide hormone family. The
sufficient specific activity, we used the P 1 clones as probes direction of transcription of PYY is also toward the
whenever possible. For example, P1 clones 51D3 and centromere.Finally, theDNAsequenceofthe Yendclone
27H5 identified 15 cDNA clones, representing three from YAC 211 FI I showed 85% sequence similarity to the
different genes. The nucleotide sequence of one of these sheep high-sulphur keratin genes B2A and B2D.
clones, BCI-16, showed strong homology to the Rab5 Translation of the end clone sequence revealed an 81%
family of genes"2 , and the translated sequence of another similarity on the amino acid level to the human keratin
clone, BC3- 1, showedsequence identityto the Ki antigen". gene HSHB2AI (Genbank accession no. X63337),
A third clone, BC 1-6, had partial homology to the yeast suggesting that we have identified a previously unknown
transcriptional factor, GCN5 (ref. 22), although the start keratin gene, or a pseudogene, that belongs to the keratin
codon in the human gene has not yet been localized with gene cluster located on 17q. This gene, if expressed, is
certainty. Work is in progress to map precisely and to transcribed towards the centromere.
determine the complete nucleotide sequence of all clones
that have been isolated. Mutation screening in candidate genes

The coding regions of two of the newly identified genes,

Table 2 Genes identified between DI 7S579 and THRA 1BC I-16 and the Ki antigen, were screened for mutations
Table__2_GenesidentifiedbetweenD17, ___79_andTHRA_1 _ by direct sequencing ofcDNA from 24 unrelated patients.

Homology to: Ofthese patients, 11 camefrom confirmedBRCA] families
Clone name Genbank no. Gene name Clone ID % identity and 13 were selected on the basis of an unusually high

incidence of breast and/or ovarian cancer among their
883E6-5 (STS) L1 8244 PYY 125648 98% first-degree relatives. The analysis revealed several silent
1G1-1 - 1A1.3B X76952 100% basepair substitutions in both genes, but no missense or
1F1-1 not submitted' rat L21 A33295 92% frame-shift mutations that could characterize either gene
BC3-1 V1 1292 Ki antigen A60537 100% as BRCAI.
BC1-6 not submitted, GCN5 X68628 41%
BC1-16 V11293 dog Rab5c S38625 89%
263C1 1-5 (STS) L18219 ATPCL X64330 100% Discussion
221 F1 1-3 (STS) L18207 HSHB2A_7 X63337 81% We have described the construction ofa physical map on

chromosome 17q, between THRAI proximally and
'Submission pending completion of sequence. D17S579distally, that encompasses the BRCAi locus. The
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map comprises 137 overlappingYAC and P1 clones onto clones that map in the minimal tegion, await
which we have ordered 112 PCR markers. We estimate characterization and testing in the patniot samples.
that our map spans -4 Mb of DNA. The cDNAs and genomic clones we idescribe here are

In many places, attempts to construct a physical contig important resources for continued charavaerization and
with YACs highlighted the need for an alternative cloning isolation of candidate genes, and should facilitate the
system. Several parts of the map were not represented in identification of BRCAI in the near futut'e_
YACs, as a result of small deletions or rearrangements
which presumably occurred during construction of the Methodology
YAC library. Other YACs showed evidence of instability, Libraries. YAC clones were isolated from three ikbwaries: the CEPH
losing specific markers upon replica-plating. In most library; the CEPH mega-YAC library" and the tO library". Local
cases, however, these problems were overcome by copies of the CEPH libraries were screenedussmg a PCR-based
supplementing the YAC map with clones from a P1 strategy". YACs from the ICI library wewtatitained through a
library. For exampie, it was not possible to obtain a YAC screening service supported by the UK Hurmnaw Genome Mapping

Proiect. A small number of clones obtained frowa- te St. Louis YACclone that was positive for both 283F 1-5 and 221F 1-5 library" had been identified at the Michigan Genmae Center. A PI
from any of three YAC libraries, although both markers phage library (DMPC-HFF#I Series B) contamsusg three human
were presenton asingle 80 kb Pl clone. These experiments haploid genome equivalents was obtained %Urum Du Pont Merck
demonstrated that investigators should be cautious in Pharmaceutical Company". This library was reeved in the format
interpreting mapping results, and whenever possible or 125, 96-well microtitre dishes. with each wvll containing 12
employ more than a single source of DNA fragments. different clones. The ?1 library was arrayed onto, aine Hybond N+Since the original observation of King and colleagues (Amersham)filtersusinga BeckmanHigh DenrttReplicangTool.

The cells were grown and lvsed following smauktd procedures and
that a breastandovarian cancer susceptibility gene, BRCA i, the DNA was bound to the filters by UV cro€uA uking. DNA probes
was linked to D17S74 (ref. 1), the localization of BRCAI for screening the PIl Library were obtained b* P.Rin which a radio-
on 17q has been incrementally refined by several groups nucleotide, a-'5 P-dCTPwasincorporatedinto wectionproduct.
on the basis of meiotic recombination events in BRCAI- Posiuvep Iaddresseswere identifiedthroughapnrmwrvhvbndization.

linked families"-.- 1 6'2 9 . The most recent observations Singie positiveciones were identified bya stscondhfer hybridization

suggest a localization distal to D17S776 and proximal to of an mnoculum from theaddress. Pi DNAvassolsted as described".

D17S78, a distance of 1-2 cM, which is completely DNAprepahratios.^aroseplugsofyyeastcelhaormainingtotalYAC
contained within the physical contig described here. DNA (final density of 1.3x 10* cells mi" ) were- p repared using a

Analysis of loss of heterozygosity (LOH) in breast modified protocol". The plugs were rinsed-in Tx•. (10 mMTRIS-
tumours defined a different minimal region than the one HCI. pH 7.8, 5 mM EDTA, pH 8.0) and ahwnettther subjected to

defined by meiotic breakpoints. Since BRCA I is widely pulsed-field gel electrophoresis. digested iut •sincuon enzymes
thought to be a tumour suppressor gene"', the andend-cloned. orstoredat4'C.

identification of the smallest region ofdeletion in sporadic DNA labelling. DNA from YACs, P I sand cDNA4-lones was labelled
breast and ovarian tumours has received much attention for hybridizationexpertmentsusingoneoft'rx-wetandardtechniques.
indefiningnewboundariesforthelocalizationofBRCA1. For in stru hybridization P1 clones were l~itinylated by nick-
From an analysis of 130 breast tumours, Cropp er a!." translation as descrbedld. For cDNA screenus* the probes were
have demonstrated a minimal region of LOH centered radio-labelled with a-UP-dCTP using random-oAo pnmers'. For
around D17S846, which is approximately 0.5 Mb P1 library screening DNA probes were ladadied by directly

centromeric of D 17S776. Given the high likelihood that incorporating 15P-dCTP by PCR into thvRtLeRt-,mduct.

the recombination event placing BRCAI telomenc to YAC analysis. Yeast chromosomes prepared i•-agarose plugs were
D17S776 is genuine, the simplest explanation for these size-separatedon 1%SeaKemagarosegeisinO.5'TBEusingaCHEF
findings is that at least two separate loci on 17q 12-21 are DRIL Mapper (BioRad). Gels were blotted oatwo Biotrans Nylon
important in breast cancer development: BRCAI and a membranesICN)orHvBond-N(Amersiamtessmgalkalineblotting.

and UV cross-linked as directed by the manmuacturer. Filters weresecond, more proximal, locus defined by LOH in tumours. hybridized and washed according to standiatd procedures. then
We have mapped a total of seven genes in the minimal exposed to Kodak XAR film. The sizes of inawirdual clones were

BRCAI region defined by meiotic breakpoints. At least determined by comparson to their relative pwations among the
oneofthese genes, EDH17B2( 17-HSD), has beenexcluded natural yeast chromosomes.
as BRCAI by sequencing the gene in a large number of
patients who are members of linked families'",-'. Another YAC end-cloning. Inverse PCR and end'bc:vne sequencing was
gene, 1A1.3B, was excluded in one study!, but probably performed as described'*. Also. a new prsnu was developed

specifically for use with Rsal-digested subtateA(sa.-YAC3LU CAG-
warrants further investigation. Two of the remaining GAA ACA GCT ATC ACC GGA AGA ACG ANG GAA GGA GC).
genes, BCI-16 and Ki, have been excluded as candidates The inverse PCR technique was ad.rtett ,Itin" the P1 vector
in thisstudy. BCI-16shows 86% homologyatthe amino- (pAdl0sacBIl) using te following modidications: 100-200 ng PI
acid level to the Ras-related gene RAB5. RAB5 is a GTP- DNA was digested with either Alul, Hhal, ailpll, NlaIlIl. Rsal or
binding protein that appears to be located in epithelial Taqlphenol-extracted, andethanol-precipttateW.LvophilizedDNA

cells at the cytoplasmic surface of the plasma membrane". pellets were resuspended in 10 pil of TE,•5 • and Mcae DNA was ligated
at a concentration of 2 gjg ml-1. The higationoianons were diluted to

Ki encodes the Ki antigen, which is a hi[hly conserved 0.4 UZ Ml" and ! ul oi each wis used a- ,he temt',ljte for PCR
nuclearproteinoriginailydetectedwithseratfrom patients ampiification of end-clones. The Pl3Rup t(,'GT AAA ACG ACG
with the autoimmune disease, systemic lupus GCCAGTGGCCGCTAATACGACTCAC'IA)andPi3Lrp(CAG
erythematosus (SLE) . Wehave determined the complete GAA ACA GCT ATC ACC GCA ATA TAG TCC TAC AAT GTC)
coding sequences ofboth genes in samples from 24 patients primers were used with templates digested wift Alul. Hhai. Hpall,
and have found no mutations. The other genes (BC1-6, N/aIlIor Taql:P ISRrp(CAGGAAACA C-CTATC ACCGGATCG-1and have fn no tvetbenscrenedfo mutations. TheothergenAAA CGG CAG ATC GCA Iand Pl5Lup (TGTAAA ACG ACG GCC
IFI - I and RN2) have not vet been screened for mutations AGTTAA'I G GCC GTC GAC ATTTAG) wereused when templates
in patient samples, and thus remain untested candidates were digested with Nlalll and Rsal. For Alu-,tetor PCR the DNA
for BRCAI. In addition, some 30 other partial cDNA fromtwoagarosepiugswasheatedat 68Cin.400Wdistiedwater.



Aliquots of 1-3 ml (-5 ng) were used in PCR with one vector prnmer the two homoiogues. basepair differences between the homologous
(YAK3R or YAKSL)M and one of the AMu.pnmer"P. YAC DNA was transcripts can be observed as two overlapping peaks.
also amplified using the Alu primer alone and analysed adiacent to
the correspondingAlu-vectorproducts ona2% agrose geL Unique Development of PCR-based markers. New PCR primers were
Alu-vector fragments were excised from the gel and prepared for developed from the DNA sequence derived from the extremies of
DNA sequencing. large-insert clones using a locally developed computer algorithm,

OLIGO. The localization of a new STS was verified using a panel of
End-donesequedng. End-done PCRproducts from eitherinverse somatic cell-hybrids (Coriell Laboratories). An STS found to lie on
PCR or alu-vector PCR were purified with Centricon-100 micro- chromosome 17 was further testedagainst 5 ngofetchoftheisolated
concentrators (Anicon) according to manufacturer's directions. YACandP1 clones to identify regions ofoverlap. New STSs developed
Since the PCR primers were designed with M 13 universal primer (- from end-cones that were not positive for othere stingcones were
21M13) and M13 reverse primer (MI3RPI) sequencing tails, the used to screen the libraries to identify additional dones. All PCR
end-clones could be sequenced on an automated sequencer ABI primers and conditions are available electronically by anonymous
373A (Applied Biosystems) without cloning, ftp (see below).

In situ hybridization. Interphase nuclei were obtained from the DNA sequence comparison. To identify homologies or identities
cultured human skin fibroblast cell line F-6606, prepared for FISH, between sequence we obtained and other sequences, we used the
and hybridized as describede with the following modifications. The BLAST algorithm" via the internet This allowed us to compare our
hybridization signal from PI DNA was detected using either an sequence on both the DNA and protein levels, with all sequence data
FITC-anti-digoxigenin antibody (Boehringer-Mannheim) for stored at NCBI. Based on these results, sequences were selected and
digoidgenin-labelled probes, or sreptavidin-Cy3 (Jackson Immuno retreved for further analysis from NBCI using the E-mad retrieve
Research Laboratories, Inc.) for biotin-labeiled probes, and the server.
nuclei were counter-stained with DAPI. Fluorescence was visualized
usingan Olympus BXSOepifiuorescence microscope equipped with Electronic Iformation access. Detailed information about PCR
filter sets specific for FITC, DAPI and Cy3 (Chroma Technology). markers and genomic clones is available from databases connected
Images were collected and processed using a cooled charge-coupled to the internet Some YAC information is accessile on World Wide
device (CCD) and software specially designed for FISH analysis Web(WWW)'databaseserversatMichigan HumanGenomeCenter
(BDS, Inc.), The P1 clones were labelled by nick translation with (http://mendeLhgp.umich.edu/Home.html) and Baylor College of
eitherdigoxsgenin lI-dUTP(Boehringer Mannheim)or biotin 14- Medicine Genome Center (http://gc.bcm.tmc.edu:8088/). DNA
dATP (Gibco BRL); the order of the P1 clones was determined by primer sequences and PCR conditions are available from GDB.
hybridizing two l cloneslabelled in red together with one Pl clone Sequence information relating to clone extrenmites and cDNAs is
labelled in preen, and scoring the position of the green site relative to available from GenBank. The sequence, geneand priner informaoon
the two red sites in 100 or more interphase nuclei. The percentage of may aiso be obtained directly from the authors via anonymous ftp to
nuclei in which the green signal was observed either between or coronamed.utah.edu (128.110.23 1. 1).
outside the two red signals was recorded.

cDNA screening. A commercially available fetal-brain cDNA library
(Stratagene, no. 936206) was screened with isolated YAC or P1 Acl aowedgemet
clones. Phage plating, filter lifts and clone purification were all We acbnowledge the CEPH for provding PCR pools for YAC library
performed according to standard procedures. screening and a collection of chromosome 17-specific YACs, the UK

Human Geiome Mapping Proiea for assutance •ith screening the ICI
Mutation beening. To screen for mutations, we designed oligo YAC library and the Michigan Genome Cente for prosding YACs
primerswithsequencingtails foreachgeneofinterest.Asatemplate from the St. Louis YAC library. We are grawful to Ed Menen for
for mutation detection, RT-cDNA was prepared from RNA isolated synvhewng oligonudeotide primers, Dave Fuhrman and Rob Sargenr
from lymphoblas cultures from selected patients using the RNA for computer support and Ruth Foltz *or ediming the manuscript This
PCR kitfrom Perkin Elmer. The PCRproductswere gel-purified and work was supported by NIH grants ROI-HGO0367-04 and ROl.
subsequently prepared for either Taq cycle sequencing or T7 solid HGO0339. S.A.S. is supported by an EMBO fellowship and S.M. by an
phase sequencing on the AB1373A sequencing automat Because the ECfellowship. R. W. is an Invesngaror of the Howard Hugher Medical
RNA recovered from the cell culture is a mixture of transcripts from Institute.

Received 4 April; accepted 2 June 1994.
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suppressors will be identified in various epithelial cell
DOC-2 is a human gene originally identified as a 767- types. One candidate for such a role, DOC-2, was iden-

bp cDNA fragment isolated from normal ovarian epithe- tified by means of the differential display technique
lial cells by differential display against ovarian carci- (Liang and Pardee, 1992), and DOC-2 was shown to
noma cells. We have now determined the complete be expressed in all normal ovarian epithelial cells but
cDNA sequence of the 3.2-kb DOC-2 transcript and lo- significantly down-regulated or absent in all of a series
calized the gene to chromosome 5. A 12.5-kb genomic of ovarian carcinoma cell lines tested (Mok et al., 1994).
fragment at the 5'-end of DOC-2 has also been se- The biological function of DOC-2 remains unclear,
quenced, revealing the intron-exon structure of the but the predicted protein sequence shows some degree
first eight exons (788 bases) of the DOC-2 gene. Transla- of homology to that of proteins from other species. At
tion of the DOC-2 cDNA predicts a hydrophobic protein the amino-terminal end of DOC-2, a 140 amino acid
of 770 amino acid residues with a molecular weight of segment shares homology with a recently described
82.5 kDa. Comparison of the DNA and amino acid se- seget shae hom ology mwit a reenl d r d
quences of DOC-2 to publicly accessible sequence data- phosphotyrosine interaction domain (PID) (Bork and
bases revealed 83% identity to p96, a murine protein of Margolis, 1995).. Recently published results indicate
similar size, thought to be a mitogen-responsive phos- that the mouse homologue of DOC-2, p96, is phosphory-
phoprotein. In addition, about 45% identity was ob- lated on serine residues (but not on tyrosine residues)
served between the first 140 N-terminal residues of in a pattern that appears to be linked to the cell cycle:
DOC-2 and the Caenorhabditas elegans MllO.5 andDro- a minimal degree of phosphorylation occurs in the G1
sophila melanogaster Dab genes. © 1996 Academic Press, Inc. stage and rapidly increases following mitogenic stimu-

lation with CSF-1 (Xu et al., 1995).
Originally, only a 767-bp fragment of the DOC-2

INTRODUCTION cDNA was identified. Here, we present the complete
-3200-bp sequence of DOC-2, its chromosomal loca-

Genes that show differential expressionbetween nor- tion, and a 12.3-kb contiguous genomic sequence har-
mal and tumor tissues are likely to function either di- boring the first eight exons coding for the N-terminal
rectly in growth regulation or cellular differentiation third of the DOC-2 protein. We also demonstrate that
or indirectly as a response to changes in the cellular DOC-2 is expressed in a wide variety of tissues.
environment. Those genes that directly influence
growth or differentiation can be grouped into two sepa- MATERIALS AND METHODS
rate classes, the first type functioning as negative regu-
lators (the prominent group known as tumor suppres- Isolation of human DOC-2 cDNA clones. cDNA clones were iso-

geners) athe endthe sond funtowni tmor stmultes- lated from two commercially available cDNA Lambda ZAP phage
sor genes) and the second functioning to stimulate libraries: a brain-stem library and a fetal-retina library (Stratagene,
growth and differentiation. Several of the tumor sup- San Diego, CA, Catalog Nos. 936206 and 937202). Each library was

pressor genes characterized to date, including RB (Lee plated at a density of approximately 25,000 pfu per 150-mm petri

et al., 1987), APC (Groden et al., 1991), and BRCA1 dish on Escherichia coli strain LE392. Phage plaques were lifted

(Miki et al., 1994), control growth in epithelial cells; on Biotrans nylon membranes (ICN) or Hybond-N (Amersham) and
screened according to standard procedures. DNA probes for hybrid-

accumulated evidence suggests that additional growth ization were radioactively labeled with [a-3 P]dCTP using a Prime-
It II DNA labeling kit (Stratagene, Catalog No. 300385). Filters were

Sequence data from this article have been deposited with the washed and exposed to HyperFilm (Amersham) overnight at -701C.
EMBL/GenBank Data Libraries under Accession Nos. U39050, Plasmids were excised from the phage according to the manufactur-
U41096, and U41111. er's recommendations.

1To whom correspondence should be addressed. Telephone: (801) 585- DNA sequencing. Bluescript plasmids or PCR products designed
6178. Fax: (801) 585-3833. E-mail: Hans.Albertsen@genetics.utah.edu. with M13 universal primer (-21M13) and M13 reverse primer
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(M13RP1) sequencing tails were sequenced using the dye-primer RESULTS AND DISCUSSION
technique on an ABI 373A automated sequencer (Applied Biosys-
tems). Alternatively, plasmids were sequenced on the ABI 373A in-
strument using a dye-terminator technique. Isolation of cDNA Clones from the DOC-2 Locus

DNA and protein sequence analysis. DNA sequences were merged
and edited using the Intelligenetics suite of programs. Searches for During a search for expressed genes in the BRCA1
protein alignments and motifs were performed using the Wisconsin region, several novel transcripts were isolated using
Sequence Analysis Package (Version 8). To identify homologies or genomic clones to screen cDNA libraries (Albertsen et
identities between the DOC-2 sequence and other sequences, we used al., 1994). One of the cDNA clones isolated in this man-
the BLAST algorithm (Altschul et al., 1990) through the Internet.
This procedure allowed for sequence comparisons on both the DNA ner, 40F1, was found to be chimeric; 542 bp at one end
and protein levels, against all sequences stored at NCBI. On the of the insert derived from the DOC-2 gene, and the
basis of these results, we retrieved selected sequences from NCBI remaining 1888 bp derived from the DLG3 gene (Smith
for further analysis using the E-mail retrieve server. et al., 1995). The predicted protein translation of the

RNA preparation and first-strand cDNA synthesis. RNAwaspre- chimeric clone 40F1 showed a single open reading
pared from three different solid tissues as well as cultured cells from frame that included the correct orientations and frames
two epithelial cell lines, using the TRIzol reagent (Gibco BRL, Cata-
log No. 15596-026) according to a protocol provided by the manufac- from both genes. Rescreening of the cDNA libraries
turer. First-strand cDNAs were synthesized from a RNA template with 40F1 resulted in the isolation of several new
using the SuperScript II RT kit (Gibco BRL, Catalog No. 18064-014). cDNA clones, most of which were transcripts of the

DNA primers, primer design, and PCR amplification. DNA prim- DLG3 gene. However, a 2726-bp clone, 1RA1, which
ers were designed to be 18-21 bases longwith calculated melting points corresponded uniquely to the DOC-2 gene, was also
between 56 and 60'C. Tailed sequencing primers deviated from this isolated.
pattern by additionally having the 18-base-long universal forward or
reverse primer sequences attached at the 5'-end of each locus-specific
primer. Bases from the sequencing tails were ignored for the purpose of Sequence Analysis of 1RA1
determining PCR annealing temperatures. The oligonucleotide primers
were synthesized on an ABI394 DNAIRNA synthesizer (Applied Biosys- The complete sequence of 1RA1 was determined by
tems), lyophilized, and resuspended in H 2 0 to a concentration of 20 pM. first sequencing the two extremities of the clone using
Primers used for direct sequencing by means of the chain terminator
technique were purified on OPC columns (Applied Biosystems) follow- the standard universal forward and reverse sequencing
ing the manufacturer's recommendations. In general, PCR amplifica- primers; then, using custom-made primers, the inter-
tion was performed in a Perkin-Elmer 9600 ThermoCycler in a PCR nal sequence of 1RA1 was completed following several
buffer with MgC12 to a final concentration of 1.5 maM, under these rounds of sequence walking. The consensus cDNA se-
standard thermocycling conditions: quence derived from combining 1RA1 and the origi-

Initial denaturation: 94°C for 120 s nally published partial sequence (GenBank Accession
'Denaturation: 94°C for 20 s No. L16886) extended for 2960 bp, with the L16886

30X Annealing: Lower T, of the two primers for 20 s DNA sequence extending 241 bases further 5' than
LExtension: 72°C for 40s 1RA1. Analysis of this sequence revealed an open read-

PCR products were visualized in standard 150-ml agarose gels con- ing frame extending from the extreme 5'-end of the
taining 1X TBE, 0.8-2.0% SeaKem (FMC BioProducts), and 1 M1  sequence for 2163 bp, followed by 792 bp of 3'-untrans-
ethidium bromide. lated sequence and a poly(A) tail. Of four candidate

In situ hybridization. Metaphase chromosomes were prepared s eque nce an d a atY\o
from peripheral blood from a normal male and hybridized with the initiation methionine codons located at the 5'-end of
P1 clone, 35G12, using the general procedures described by Lichter the cDNA, none were in the consensus environment
et al. (1991). The hybridization signal from the biotinylated P1 DNA described for translational initiation (Kozak, 1991), nor
was detected using streptavidin-Cy3 (Jackson Immuno Research were any in-frame stop codons present in the 5'-end of
Laboratories, Inc.), and the chromosomes were counterstained with the predicted reading frame. This suggested that the
DAPI (4'-6-diamidino-2-phenylindole). Fluorescence was visualized
using an Olympus BX50 epifluorescence microscope equipped with 5'-end of the DOC-2 cDNA remained to be found.
filter sets specific for DAPI and Cy3 (Chroma Technology). Images
were collected and processed using a cooled charge-coupled device Isolation and Sequencing of Genomic Clones
and software specially designed for FISH analysis (Vysis, Inc.). Containing the 5'-End of DOC-2

Somatic cell hybrid analysis. The NIGMS human/rodent somatic
cell hybrid mapping panel 2 and the regional mapping panel for
chromosome 5 (Coriell Cell Repository) were tested with the DNA To isolate genomic clones containing the 5'-end of
oligo primer pair doc2-B (AAATTT=GGAGAGTCTAGAGC) and DOC-2, the 1RA1 cDNA was used to screen a P1 phage
doc2-C (GAATACGCTTGGTTCGTCC). Each reaction contained 50 library (Shepherd et al., 1994). Two clones, 35G12 and
ng of template DNA and 12.5 pmol of each primer in a 25-Al reaction 47E3, were obtained, from which restriction fragments
volume. The PCR buffer contained MgCl2 to a final concentration of generated by the enzymes EcoRI, HindIII, and PstI
2.0 mM, and the amplification was carried out under the following
thermocycling conditions: were cloned into pBluescriptII. Four subclones derived

from 47E3 were selected by hybridization with a radio-
Initial denaturation: 94'C for 120 s labeled fragment from the 5'-end of the DOC-2 cDNA

-Denaturation: 94°C for 30 s and sequenced as described above. The sequences we
30x Annealing: 52°C for 30 s

LExtension: 72°C for 40 s obtained fell into two contigs of 2073 and 12518 bp
Final extension: 72'C for 120 s respectively.
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Identification of the 5'-End of DOC-2 cDNA and tral portion and toward the carboxy terminal of the
Detection of Eight Intron-Exon Boundaries protein. The region between basepairs 1503 and

1594 in the human sequence appeared to be shifted
Since attempts at isolating other cDNA clones that by a single nucleotide, resulting in a local shift of

could extend the DOC-2 cDNA sequence further 5' were reading frame between DOC-2 and p96. To verify the
unsuccessful, we sought to identify the 5'-end of DOC- sequence of the p96 gene, total RNA extracted from
2 by comparing the genomic DNA sequence with that of a differentiated and an undifferentiated mouse stem
murine p96 (GenBank Accession No. U18869), which cell line was reverse-transcribed and used as tem-
we believe is the homologue of DOC-2 (see below). This plate in a RT-PCR reaction with a pair of primers
analysis revealed a single region in the human genomic specific to the mouse (the RNA was generously do-
sequence that was highly homologous to the DNA se- nated by Dr. Suzi Mansour). The DNA sequence of
quence of the first exon of p96. To verify that the homolo- the resulting PCR product indicated that two errors
gous sequence indeed corresponded to the 5'-end of the had been made during the original sequencing of
DOC-2 cDNA, we developed four PCR primers (doc2-5A, p96. This result has been confirmed independently,
GTCTAATACAGCAGGAGAAGG; -5B, CTAAACTAT- and the DNA sequence of p96 has been corrected
GCCTACAGGTGTC; -5C, GGGATCGCCTGGTGTCAC- (Dr. Charles 0. Rock, St. Jude Children's Research
CAA; and -5D, GTCCACTGGTACTGAGGTTTG) lo- Hospital, Memphis TN, pers. comm., Oct. 24, 1995).
cated in the genomic sequence of DOC-2, upstream of Translation of the DOC-2 cDNA predicts a hydropho-
the predicted translational initiation site. The primers bic protein of 770 amino acid residues with a molecu-
were sequentially positioned, with doc2-5A being far- lar weight of 82.5 kDa sharing 81% identity with the
thest away from the predicted translational initiation gene product of p96, which is predicted to encode a
site. Each of the PCR primers was tested separately protein of 766 amino acid residues with a molecular
with a second primer (40Irp, TTGTCCCTGAGACCG- weight of 82.7 kDa.
ACCA) located in the third exon of DOC-2, using first- Only a single methionine is present in the first exon
strand cDNA prepared from small intestine, arm skin, of DOC-2, and its location is identical to the predicted
fallopian tube, PPC1 (a prostate cancer cell line), and translational start site of p96. Only 1 of the 31 amino
SF15-2 (a derivative of PPC1 exhibiting reduced malig- acids encoded by the first exon of DOC-2 varies with
nant growth characteristics as a result of introduction the mouse sequence. However, the DNA sequences im-
of normal human chromosome 17q (Murakami et al., mediately upstream of the translational start sites
1995)) as template. No products were observed with show extensive divergence. Also, the sequences rele-
doc2-5A, while doc2-5B showed amplification using tem- vant to translational initiation show some degree of
plate prepared from fallopian tube only. Both doc2-5C variation between the two species, and each conforms
and doc2-5D gave rise to PCR products from each of the only moderately well to the consensus sequence pro-
templates tested (data not shown). Sequence analysis of posed by Kozak (1991). Clone 1RA1 has a poly(A) tail at
several of these PCR products confirmed the high degree its 3 '-end, but the presumptive polyadenylation signal
of homology between the 5'-end of DOC-2 and that of approximately 15 bases upstream of this poly(A) tail
p96 and extended the DOC-2 ORF by an additional 146 (at position 3185) is somewhat degenerate (AACAGA
bp (the locations of doc2-5B, -5C, -5D, and 401rp are as opposed to AAUAAA), although it retains the correct
indicated in Fig. 1). The full-length DOC-2 cDNA se- composition of five purines and one pyrimidine. The
quence, along with the genomic sequences from the 5'- possibility that this is not an artifact of 1RA1 is sup-
end of the DOC-2 gene, are available from GenBank ported by several expressed sequence tags (EST) (e.g.,
under Accession No. U39050. Further sequence compar- R37515) that share the same polyadenylation site.
ison between the cDNA sequence and the genomic se- However, investigation of several other retrieved EST
quence of DOC-2 enabled us to determine the genomic sequences (e.g., R63200) indicates that an additional
structure of the amino terminal third of the gene, includ- polyadenylation site (at positions 2787) may also be
ing the exact positions of the first eight intron-exon used (see Fig. 1).
boundaries (see Fig. 1). Evidence indicates that at least one variant of DOC-

2 mRNA exists, probably as an alternative splice form.
Homology of DOC-2 with Murine p96 and Discovery When we compared the retinal cDNA clone, 1RA1, to

of Alternative Splice Forms the ovarian clone (L16886) identified by differential
display, we noted the absence of a 60-bp exon between

Comparison of the predicted amino acid sequence bases 729 and 789 in the cDNA sequence. Comparison
of the DOC-2 protein with sequences present in the of this presumed splice variant with the databases re-
NCBI database revealed very high homology with vealed that the same splice variant of the mouse p96
murine p96 (U18869). The homology with p96 was gene exists, under the name p93, almost certainly con-
strongest at the amino terminal of DOC-2 corre- firming the variant as an alternative splice form (see
sponding to the phosphotyrosine domain (Bork and Fig. 1).
Margolis, 1995), but appeared to weaken in the cen- A second sequence variation was also detected as a
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MI10.5 MEMXTGRSCA PKGADHDFTL LSHSIPHHHL TILFGLTFVP KSFVILLVFF YCSLETMAQK SDISVETANA TSGKPNPPSP KSRLAXLKRT KKASNASSDP
Dab ............. .......... .......... ........ MV KSLV ...... . AKLST..AS SNLSLA... S TFGGGSGAAE ETNYAKHR ... ....... NDP

DOC-.2 ........... ........... ........... .......... ........... ......... M SN.EVET.SA TNGQPDQQAA PK..APSKKE KKKGPEKTDE

101 200

M110.5 F. . RFQNNG ISYKGKL'GE QDVDKARGDA MCAEAMRTAK SII.. .KAAG AI!KTR. .ITL QINIDGIKVL DEKSGAVLHN FPVSRTSFIA RDSSDARArG

Dab G... .RFFGDG VQFKAKLIGI LEV. .ARPEV IGC.ARRRCK ISK.. .WHPG GWRAQAAITI HVTIDGLRLR D9KTGDSLYH HPVHKISFIA QDMTDSRAFG

DOC-2 YLLAa7KGDG VKYKAKLIGI DDVPDARGDK MSQDSMMXLK GMAARGRSQG QHKQR. .WV NISLSGIKII DEKTGVIEHE HPVNKISFIA RDVTDNRAFG

201 300

M110.5 LVYGEPGGKY KFYGIKTAQA ADQAVLAIRD MFQVVFEMKK KQIEQVKQQQ IQDGG ......... AEI. SSKKEGGVA VADLLDLESE LQQIERG...

Dab YIFGSPDSGH RFFGIKTDKA ASQVVLAMRD LFQVVFELKK KEIZ.MARQQ IQGKSLHDHS SQLASL.... SSLKSSGLG GMGL .................

DOC-2 YVCGG.EGQH QFFAIKTGQQ AEPLVVDLKD LFQVIYNVKK KEEE... KKK IEEASKAVEN GSEALMILDD QTNKLKSGVD QMDLFGDMST PPDLNSPTES

FIG. 2. Homologies between the 140 N-terminal amino acids of DOC-2 and genes from two widely divergent species, D. melanogaster
(Dab gene) and C. elegans (M110.5 gene). Identities, highlighted in boldface, were found using the computer algorithm PILEUP with the
parameters GapWeight set to 2.0 and GapLengthWeight set to 0.1.

result of the database searches. In this case we found tion of the DOC-2 mRNA using RT-PCR, DOC-2 mRNA
three ESTs (Accession Nos. R80479, R81944, R63199) is known to be present in normal ovarian epithelial
that differed from IRA1 in the section between base- tissue (Mok et al., 1994). We also can deduce that DOC-
pairs 2580 and 2598 in the 3'-untranslated region of 2 must be expressed in cells from brain stem and fetal
DOC-2. The differences were in all cases consistent retina, since we isolated cDNA clones from libraries
with an 18-bp inversion. We found a 5-bp palindrome made from these tissues. We have thus determined
flanking the inversion on both sides, which could be that DOC-2 is expressed in at least seven different hu-
responsible for the inversion (see Fig. 1). We also found man tissues. In mouse, p96 expression has been found
evidence for a 70-bp duplication in the genomic se- in differentiated and an undifferentiated mouse stem
quence during the search for exon boundaries. This cell line (this study) and in mouse macrophage and
duplication, which includes part of the alternatively brain cells (Xu et al., 1995). Combined, these observa-
spliced exon 8, spans the region between bases 10890 tions give the impression that DOC-2 and its murine
and 10942 and was inserted in the same orientation homologue, p96, are expressed in a tissue-independent
between bases 10693 and 10745, approximately 160 manner.
bases upstream of its original location (data not Chromosomal Mapping of DOC-2
shown). Eleven percent variation between the dupli- We were able to determine the genomic location of
cated sequences (8 of 70 nucleotides) suggests that the DOC-2 to chromosome 5p13 by fluorescence in situ hy-
event is quite ancient. bridization using the P1 clone 35G12 as hybridization

probe against metaphase chromosomes from a normal
DOC-2 Protein Homology to Other Genes male (see Fig. 3). The map location of DOC-2 was inde-

Two other proteins in the sequence databases pos- pendently confirmed by analyzing Coriell human/ro-
sessed significant homology to the amino terminal of dent somatic cell hybrid mapping panel 2 in conjunc-
DOC-2. Caenorhabditis elegans gene M110.5 (Z49968) tion with the Coriell regional mapping panel of chromo-
showed the highest degree of identity, with 47% in the some 5 (NIGMS, Camden, NJ). Using the oligo primers
presumptive PID, followed by the Drosophila melano- doc2-B and doc2-C, only cell lines containing the hu-

gaster disabled (Dab) gene (L08845), with 43% identity man chromosome 5p13 region provided PCR-positive
in the same region. Figure 2 shows the result of the template (data not shown). No amplification was ex-

multisequence alignments of the amino-terminal ends pected from the rodent homologue, since the primers

of M110.5, Dab, and DOC-2. used in the experiment were located in intronic se-
quence.

DOC-2 Tissue Specificity CONCLUSION

In addition to the three normal tissues and the two In summary, the full-length sequence of the human
prostate cancer cell lines where we detected transcrip- DOC-2 gene has been ascertained, together with its

FIG. 1. Nucleotide sequence and predicted protein translation of the human DOC-2 gene. The first eight exon boundaries are indicated
with vertical arrows. The location of the oligo primers (doc2-5B (only the last three bases), doc2-5C, doc2-5D, and 40Irp) used to verify the
5'-end DNA sequence of DOC-2 are shown with bold underlines of the DNA sequence. Two other regions in the translated part of the gene
are underlined: the location of the 140 amino acid segment with the phosphotyrosine interaction domain (PID) (solid line under the amino
acid sequence), and the location of the alternatively spliced form of DOC-2 (dotted line under the amino acid sequence). Three underlined
sequences in the 3 '-untranslated region of DOC-2 indicate the region of inversion and the two functional polyadenylation sites. The smallest
possible inversion is indicated in boldface with the flanking 5-bp palindromes indicated with the underline.
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FIG. 3. Localization of a DOC-2-specific P1 clone, 35G12, using fluorescence in situ hybridization (FISH). (a) Illustration of a pseudocol-
ored image of the localization of DOC-2 to band 5p13 of DAPI-counterstained normal male metaphase chromosomes. (b) Illustration of the
same metaphase with pseudo-Giemsa-banded chromosomes.

chromosomal location and the genomic structure at the son, M., Robertson, M., Bradley, P., Lawrence, E., Sheng, Z. M.,

5'-end of the gene. Sequence analysis on the DNA and Hoopes, R., Stemnberg, N., Brothman, A., Callahan, R., Ponder,
B. A. J., and White, R. (1994). A physical map and candidate genes

protein levels revealed that DOC-2 is the human homo- in the BRCA1 region. Nature Genet. 7: 472-479.

logue of the murine mitogen-responsive phosphopro- Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman,

tein, p96, with 81% amino acid identity. The sequence D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215:

comparisons also revealed that a 140 amino acid seg- 403-410.

ment at the amino-terminal end of the gene, which in Bork, P., and Margolis, B. (1995). A phosphotyrosine interaction do-

a separate study has been characterized as a potential main. Cell 80: 693-694 [Letter to the Editor].

PID, shares greater than 40% identity with genes iso- Groden, J., Thliveris, A., Samowitz, W., Carlson, M., Gelbert, L.,

lated from distant species like C. elegans and D. mela- Albertsen, H., Joslyn, G., Stevens, J., Spirio, L., Robertson, M.,
Sargent, L., Krapcho, K., Wolff, E., Burt, R., Hughes, J. P., War-

nogaster. Given the apparently ubiquitous expression rington, J., McPherson, J., Wasmuth, J., Le Paslier, D., Ab-

pattern of DOC-2 in all cell types tested, together with derrahim, H., Cohen, D., Leppert, M., and White, R. (1991). Identi-

the potential of p96 for phosphorylation at serine resi- fication and characterization of the familial adenomatous polyposis

dues and the presence of the PID, we can hypothesize coli gene. Cell 66: 589-600.

that DOC-2 is a tissue-independent component of cellu- Kozak, M. (1991). An analysis of vertebrate mRNA sequences: Initia-

lar signal transduction. tion of translational control. J. Cell Biol. 115: 887-903.

Lee, W. H., Bookstein, R., Hong, F.,Young, L. J., Shew, J. Y., and Lee,
E. Y. (1987). Human retinoblastoma susceptibility gene: Cloning,
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A Strategy for Constructing High-Resolution Genetic Maps of the
Human Genome: A Genetic Map of Chromosome 17p, Ordered
with Meiotic Breakpoint-Mapping Panels

Steven C. Gerken,' Hans Albertsen,' Tami Eisner,' Linda Ballard,' Pilar Holik,' Elizabeth Lawrence,'
Mary Moore,' Xuyun Zhao,' and Ray White"2

'Department of Human Genetics and 2Huntsman Cancer Institute, University of Utah, Salt Lake City

Summary leles. Haplotype construction (Kelsell et al. 1994) and link-

Genetic linkage analyses with genotypic data obtained age disequilibrium studies (Bowcock et al. 1994; Jorde et
from four CEPH reference families initially assigned 24 al. 1994) in affected pedigrees can lead to high-resolution
new PCR-based markers to chromosome 17 and located genetic maps over regions of a few centimorgans, but such

studies are often limited by the number of informative
the markers at specific intervals of an existing genetic map meioses available. Advances in the positional cloning of
of chromosome 17p. Each marker was additionally geno- nes have be
typed with an ordered set of obligate, phase-known recom- with cloned inserts of human genomic DNA (Burke et al.
binant chromosomes. The breakpoint-mapping panels for wt lndisrso ua eoi N Bree leinantchrfami onsimes.Thed oftwoparentsone s hanl nonre 1987). However, the lack of high-resolution genetic maps
each family consisted of two parents, one sib with a nonre- of the entire human genome means that new markers and
gate recombinant chromosomes. The relative order of new maps must be developed for each region surrounding
gatrkecombinant detromined sorting Tegrelativonrtern o a locus of interest, before the minimal physical region can
ofnewmarkers w ande orermined anhorting mgrkersgationd bbe determined for molecular analysis. A genetic map of the

human genome, at a resolution the same as or higher thanimizing double-recombination events. Consistency of seg- that of current physical maps would facilitate integration
regation patterns with multiple flanking loci constituted of the physical and genetic maps and would accelerate
support for order. A genetic map of chromosome 1 7 p was cloning of the minimal region of the genome necessary to
completed with 39 markers in 23 clusters, with an average isolate any gene of The physical map constructed
space of 3 cM between clusters. The collection of informa-
tive genotypes was highly efficient, requiring fivefold fewer by Cohen et al. (1993) provided the first large-scale effort
genotypes than would be collected with all the CEPH fai- to integrate a genetic map of the human genome with the
lies. Given the availability of large numbers of highly in or- physical map. Since some 10,000 genetic markers, -4,500

aGiven C-ed mvailabilityoflark enumbers, me c b p inof which are PCR based, have been reported to the Genome
mative PCR-based markers, meiotic breakpoint mapping Data Base, it would appear that sufficient numbers of
should facilitate construction of a human genomic map markers are available to develop a 1-cM genetic map span-
with 1-cM resolution.makraravialtodvlpa1cgetcmpsan

ning the 4,000-4,900 cM of the human genome (NIH!
CEPH Collaborative Mapping Group 1992; Gyapay et al.
1994). The need for a high-resolution genetic map of the

Introduction human genome will become increasingly urgent as genetic
linkages are discovered for loci associated with the numer-

Recently published genetic linkage maps of human chro- ous human genetic disorders whose etiology is still un-
mosomes are the result of an international effort to map known (McKusick 1992).
and sequence the human genome (NIH/CEPH Collabora- Multipoint linkage analysis with genotypic data collected
tive Mapping Group 1992; Gyapay et al. 1994). These from the CEPH reference families is a commonly used
maps provide the information necessary for general linkage method for building genetic maps. To satisfy the statistical
studies, including localizing genes with disease-causing al- requirements of linkage analysis, genotyping of an exten-

sive collection of individuals is necessary. An alternative
approach to building genetic maps is meiotic breakpoint

Received July 26, 1994; accepted for publication November 17, 1994. mapping, which utilizes known meiotic recombinant chro-
Address for reprints and correspondence: Steven C. Gerken, Ph.D., mosomes to determine marker order on much smaller sam-

Department of Human Genetics, University of Utah, Salt Lake City, UT pie sizes (White et al. 1985; Fain et al. 1989; Weber et al.
84112

40 1995 by The American Society of Human Genetics. All rights reserved. 1991; Maestri et al. 1992; Sprinkle et al. 1993; Attwood
0002-9297/9S/5602-0018$02.oo et al. 1994). The use of recombinant chromosomes as map-
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ping panels to construct high-resolution genetic maps has total of 39 markers, were ordered for the 65-cM region of
become routine for mapping murine loci and disease-caus- chromosome 17 p, using mapping panels that represented
ing genes in humans (European Backcross Collaborative a fivefold reduction in the number of genotypes collected.
Group 1994; Kelsell et al. 1994). In this approach, chromo- Material and Methods
sornes with meiotic breakpoints known to reside between
previously mapped loci are selected for genorvping. Segre- Genetic Markers

gation patterns of a test marker are compared with the Twenty-four new PCR-based genetic markers, isolated
patterns of anchor markers that flank the breakpoints, in a for chromosome 17 p, as part of a program to develop
manner that minimizes the number of double-recombinant large numbers of PCR-based probes that detect human
chromosomes. Segregation patterns of multiple test mark- polymorphic loci, and three previously published PCR-
ers located in the region allow for the ordering of the test based probes (2KZ14-B4, 2KZ22-B10, and UT172) that
markers relative both to each other and to the known detected dinucleotide-repeat polymorphisms (table 1) (Utah
anchor markers. The rationale is that, although typing of Genome Center, personal communication) were used in
all members of the CEPH panel would provide genotypic this study'. The new PCR-based probes were developed
data for all of the meioses necessary to order new markers from the DNA sequences of clones containing microsatel-
and for an estimate of the recombination fractions, using lite repeats detected by hybridization to end-labeled oligo-
only the informative recombinant chromosomes localized nucleotide probes d(CA)20, d(AAAG)20, d(AAAT)20, or
to the region of the test locus constitutes a more efficient d(AGC)20 (Melis et al. 1993). Twenty-six cloned DNA
approach to ordering new markers. fragments from chromosome 17 that were used as molecu-

Human chromosome 17 consists of 92 Mb of DNA, lar probes for detecting RFLPs or VNTRs were derived
-3% of the human genome. This chromosome is rich in from previously published data (table 1).

loci involved in cancer; for example, it harbors the tumor- Genotyping and Data Collection
suppressor genes p53, NF1, and BRCA1, and loss of bet- Genotypes for the IFLP and VNTR probes were ob-
erozygosity of other loci on chromosome 17p has been t ype s fo r the data and Vntr obe were ob
observed in breast carcinomas and uterine cancers (Isomura rained from the data used to construct the genetic map of

et al. 1994; Jones et al. 1994). Numerous other disease chromosome 17.(O'Connell et al. 1993). Autoradiographs
of the originaml Southern blots were available for review for

alleles have been mapped to this chromosome, including these markers, since all of the genotypes had been deter-

those responsible for the neurological diseases Charcot- mined in our laboratory. Four of the CEPH reference fami-

Marie-Tooth type IA (CMT1A) and hereditary neuropa- lies (1331, 1332, 1362, and 884) were genotyped with

thy with liability to pressure palsies (Fain 1992; Chance
and Pleasure 1993). More than 563 probes that detect every PCR-based marker except UT18 and UT49, which
andPoleasurpce 1993). More than563prof whitha 227aet were typed in families 1347, 1362, 1416, 1454, and 1463.
polymorphic loci on chromosome 17, of which 227 are Genotyping for the PCR-based markers was performed as
PCR based, are available. Almost 300 of these markers described by Melis et al. (1993).
have been typed in the CEPH families (CEPH database, DNA for the mapping panels was aliquoted into master
version 6), and, on the basis of these data, several genetic DNA trays, which were then dispensed in a Beckman Bio-
linkage maps of chromosome 17 have been developed mek 1000 pipetting robotic workstation to minimize sam-
(O'Connell et al. 1993; Gyapay et al. 1994). pIe errors. Genotypes were collected for each marker, with

The large number of available genetic markers and access the mapping panel for which the most likely location of
to a genetic map composed of markers typed in 59 CEPH the test marker had been determined (fig. 1). For those loci
families made chromosome 17p an excellent choice for the test maker hadien dtried (i 1)corithos oi
constructing a high-resolution genetic map of a whole chro- whose most likely location showed no recombination with

I* an index marker, genotypes were collected with the panel
mosome arm, using recombinant-chromosome mapping for the most distal interval. If the marker was nor ordered
panels. In this report, we describe a two-tiered approach within this interval, genotypes were collected with the panel

to high-resolution m apping that reduces the num ber of for the n tervaltgeike yy esnt erva l.

genotypes necessary to order a new marker with respect to f mages of th e intera l.

an existing map. Likelihood analysis was used to assign Images of ste a nd were digitized to an
Z1 image-capture system and were transferred to a computer-

new markers to chromosome 17 and to determine the most asitdgnypgssemAlgnopswreeemndassisted genotyping system. All genotypes were determined
likely intervals (defined by flanking index markers) for their independently by two individuals. Once genotypic data
locations on the index map. Using two new computer pro- were verified, they were transferred to the Utah relational
grams, RBUILD and CSORT (Eisner et al. 1995 [in this database for storage.
issue]), we constructed mapping panels of recombinant
chromosomes and ordered new markers on the basis of Meiotic Recombinant-Chromosome Panels

analysis of the genotypic data collected from these mapping RBUILD, the computer program for selecting break-
panels. Twenty-three distinct clusters, which comprised a point-mapping panels, uses pairwise linkage analysis of
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markers whose order is known, relative to the breakpoints, Table 2
allows for orientation of the test markers, relative to theanchor markers. Pairwise Analysis of Linkage Between 24 UTAH Markers and

Genethon Markers: Lod Score Z_,_ at Recombination
Under a model of complete positive interference, the Fraction Theta

phase of each marker for each recombinant chromosome
typed was determined by comparing the pattern of inheri- UTAH
tance of the recombinant chromosome with that of the Marker CEPH Marker Theta Z-..

nonrecombinant chromosome. This pair of chromosomes UT18 D17S849 .0010 4.8
is referred to as a "sibship pair." Sibship pairs were ana- UT20 D17S796 .056 12.8
lyzed to determine whether the parental origin of each UT25 D17S783 .001 13.5

test marker was the same, different, or unknown, when UT39 D17S796 .001 15.6

compared with the nonrecombinant chromosome. The UT49 D17S796 .001 5.4

summary of comparisons for all markers for each recombi- UT65 D17S786 .043 9.4
UT6D17S798 .001 6.0

nant chromosome (i.e., a "haplotype" of the parental con- UT72 D17S786 .024 10.6

tributions to each of these chromosomes) is referred to as UT137 D17S804 .001 6.3

the "chromosome composite" (Eisner et al. 1995). UT146 D17S798 .001 12.3

The two markers for which the greatest number of sib- UT158 D17S786 .047 8.2

ship pairs are informative form the first interval of the UT159 D17S783 .001 6.6
UT184 D17S796 .037 9.5

breakpoint map. The recombinant sorting program, UT222 D17S786 .050 8.3

CSORT, tests the next-most-informative marker in each UT225 D17S796 .012 20.8
interval of the map, including the ends of the map, to UT263 D17S783 .001 12.6

determine whether a double-recombination event would be UT263 D17S805 .001 12.6UT269 D17S849 .001 12.6
required for the marker to be located in this interval. The UT403 D17S786 .040 11.7

test marker is placed in the interval of the map where no UT405 D17S799 .026 9.4
double recombinant is required to explain the data. This UT751 D17S796 .001 19.8
process is iterated until all markers are tested. Markers that UT1860 D17S783 .001 12.6

are excluded from all intervals are included in a secondary UT1985 D17S796 .001 7.2
UJT5265 D17S796 .001 13.8map. Next, the chromosome composites are shifted to or- -T5265 _ D17S796 _ .001 _ 13.8

der the breakpoints from right to left to provide an array
of chromosome breakpoints whose order has been deter-
mined by the recombinant-sorting algorithm, significant identity to the Utah microsatellites were per-

The foregoing technique detects possible genotypic errors formed with the GCG program QUICKSEARCH, and re-
in the data for a test marker when an anchor marker is sults were displayed with the program QUICKSHOW.
ordered incorrectly or excluded from the breakpoint map.
Autoradiographs for the test marker are then checked for Results
errors. If placing a test marker has caused an anchor marker
to be excluded or incorrectly ordered, it is removed from Genetic Markers
the breakpoint map and the analysis is restarted. Markers Twenty-four new PCR-based probes were assigned to
that cannot be ordered within the breakpoint map but chromosome 17 (table 1) on the basis of results obtained
whose location scores show high likelihoods for inclusion by two-point linkage analysis (table 2). The microsatellite
within an interval are reordered with only the anchor mark- repeats detected by these probes included 10 d(GT), 8
ers for the interval. Segregation patterns that exclude the d(AAAG), 3 d(AAAT), and other motifs (table 1). DNA
marker from certain locations and that minimize the num- sequences of the primer pairs, the primers to end-label for
ber of double or multiple recombinants determine the loca- visualization by autoradiography, and the optimized condi-
tion of the test marker. tions for PCR are reported in table 1. Accession numbers

are provided to facilitate retrieval of the DNA sequence of
Sequence Analysis of Sequence-Tagged Sites (STS) each STS from the GenBank sequence database.

DNA-sequence databases representing all STS-con- Estimates of heterozygosity for the polymorphic loci
taining microsatellite repeats from the Utah, G~n&hon, ranged from .49 to .91, with an average heterozygosity of
CHLC, and Marshfield collections were constructed using .68. Heterozygosities for the dinucleotide repeat-con-
the GCG (1991) program DATASET. DNA sequences for taining loci averaged .65; and those for tetranucleotide re-
the G~n&hon, Marshfield, and CHLC markers were re- peat-containing loci d(AAAT) and d(AAAG) averaged .59
trieved from the GenBank sequence database (version 78) and .84, respectively. The autoradiographic images ob-
or the CHLC server. DNA sequence analyses for STS with tained with PCR probes for the loci containing tri- and



" , Table 3

Meiotic Recombinant-Chromosome Mapping Panels

Chromosomes Chromosomes
CEPH Family' Selected' CEPH Familya Selected'

Obligate recombinant and nonrecombinant 1357 Nonrecombinant ......... *14 paternal
chromosomes for the interval 144D6-LB17.8: 1357 Nonrecombinant ......... 4 maternal

13281 Recombinant ........... *3 paternal 1362 Recombinant ............... *4 paternal
13281 Nonrecombinant ...... *4 paternal 1362 Recombinant ............... *5 paternal
13291 Recombinant ........... *9 paternal 1362 Nonrecombinant ......... *3 paternal
13291 Nonrecombinant ...... *8 paternal 1413 Recombinant ............... '9 paternal
13293 Recombinant ........... 3 paternal 1413 Recombinant ............... "14 paternal
13293 Recombinant ........... *7 paternal 1413 Nonrecombinant ......... "12 paternal
13293 Recombinant ........... *9 paternal 1416 Recombinant ............... 4 paternal
13293 Nonrecombinant ...... *8 paternal 1416 Recombinant ............... 6 paternal
13294 Recombinant ........... 6 paternal 1416 Recombinant ............... 10 paternal
13294 Recombinant ........... 6 maternal 1416 Nonrecombinant ......... 8 paternal
13294 Nonrecombinant ...... 3 paternal 1418 Nonrecombinant ......... *9 paternal

13294 Nonrecombinant ...... 3 maternal 1418 Nonrecombinant ......... *8 paternal
1331 Recombinant ........... *6 paternal 1421 Recombinant ............... 7 maternal
1331 Recombinant ........... *7 paternal 1421 Recombinant ............... *12 paternal
1331 Recombinant ........... *16 paternal 1421 Nonrecombinant ......... "11 paternal
1331 Nonrecombinant ...... *3 paternal 1421 Nonrecombinant ......... 3 maternal
1332 Recombinant ........... *8 paternal 1423 Recombinant ............... *3 paternal
1332 Nonrecombinant ...... *6 paternal 1423 Recombinant ............... *9 paternal
1333 Recombinant ........... *8 maternal 1423 Nonrecombinant ......... *8 paternal
1333 Recombinant ........... 10 paternal 66 Recombinant ................ 3 maternal
1333 Recombinant ........... 10 maternal 66 Recombinant ............... 4 maternal
1333 Nonrecombinant ...... 3 paternal 66 Recombinant ............... 6 paternal
1333 Nonrecombinant ...... *3 maternal 66 Recombinant ............... 8 paternal
1340 Recombinant ........... *3 paternal 66 Nonrecombinant ......... 3 paternal
1340 Recombinant ........... 4 paternal 66 Nonrecombinant ......... 5 maternal
1340 Recombinant ........... *7 paternal 104 Recombinant ............... 4 paternal
1340 Recombinant ........... *8 paternal 104 Recombinant ............... 8 paternal
1340 Nonrecombinant ...... *13 paternal 104 Recombinant ............... 10 paternal
1341 Recombinant ........... *3 paternal 104 Nonrecombinant ......... S paternal
1341 Recombinant ........... *8 paternal 1444 Recombinant ............... *9 paternal

1341 Nonrecombinant ...... *4 paternal 1444 Recombinant ............... *10 paternal
1346 Recombinant ........... *7 paternal 1444 Nonrecombinant ......... *8 paternal
1346 Nonrecombinant ...... *8 paternal 1447 Recombinant ............... *6 maternal
1347 Recombinant ........... *3 maternal 1447 Recombinant ............... 7 paternal
1347 Recombinant ........... *10 maternal 1447 Recombinant ............... *8 maternal
1347 Nonrecombinant ...... *4 maternal 1447 Nonrecombinant ......... 3 paternal
1349 Recombinant ........... *3 paternal 1447 Nonrecombinant ......... *7 maternal
1349 Recombinant ........... 4 paternal 1454 Recombinant ............... *4 paternal
1349 Recombinant ........... 6 maternal 1454 Nonrecombinant ......... *7 paternal
1349 Nonrecombinant ...... *8 paternal 1458 Recombinant ............... 5 paternal
1349 Nonrecombinant ...... 5 maternal 1458 Nonrecombinant ......... 3 paternal
1350 Recombinant ........... *7 paternal 1459 Recombinant ............... *3 paternal
1350 Nonrecombinant ...... *5 paternal 1459 Recombinant ............... *5 paternal
1353 Recombinant ........... 15 paternal 1459 Recombinant ............... 7 maternal
1353 Nonrecombinant ...... 5 paternal 1459 Nonrecombinant ......... *4 paternal

1354 Recombinant ........... *3 maternal 1459 Nonrecombinant ......... 4 maternal
1354 Recombinant ........... *4 paternal 1463 Recombinant ............... *4 paternal
1354 Nonrecombinant ...... *3 paternal 1463 Recombinant ............... *7 paternal
1354 Nonrecombinant ...... *4 maternal 1463 Recombinant ............... *10 paternal
1355 Recombinant ........... 10 paternal 1463 Recombinant ............... *12 paternal
1355 Recombinant .................... 13 paternal
1355 Nonrecombinant ...... 3 paternal

(continued)



Table 3 (continued) I I I

Chromosomes Chromosomes
CEPH Family' Selected' CEPH Family' Selected'

Obligate recombinant and nonrecombinant 1400 Recombinant .................. 5 maternal
chromosomes for the interval LB17.8-1C6G1: 1400 Nonrecombinant ............. 3 maternal
(continued) 1427 Recombinant .................. *5 maternal

1358 Nonrecombinant ....... *9 maternal 1427 Recombinant .................. *6 maternal
1362 Recombinant ............. *12 paternal 1427 Recombinant .................. *8 maternal
1362 Nonrecombinant ....... *5 paternal 1427 Nonrecombinant ............. *7 maternal
1377 Recombinant ............. 3 maternal 1582 Recombinant .................. *3 paternal
1377 Nonrecombinant ....... 4 maternal 1582 Recombinant .................. *3 maternal
1408 Recombinant ............. 4 maternal 1582 Recombinant .................. "4 maternal
1408 Recombinant ............. 8 maternal 1582 Recombinant .................. "6 paternal
1408 Nonrecombinant ....... 6 maternal 1582 Recombinant .................. *9 paternal
1413 Recombinant ............. *7 paternal 1582 Nonrecombinant ............. "4 paternal
1413 Recombinant ............. *10 paternal 1582 Nonrecombinant ............. *6 maternal

Obligate recombinant and nonrecombinant
chromosomes for the interval IC6G1-fHu39.3:

13281 Recombinant ............. *4 maternal 1358 Nonrecombinant ............. "3 maternal
13281 Nonrecombinant ....... *5 maternal 1362 Recombinant .................. *3 maternal
13291 Recombinant ............. *6 maternal 1362 Nonrecombinant ............. *5 maternal
13291 Recombinant ............. *8 maternal 1377 Recombinant .................. 8 paternal
13291 Nonrecombinant ....... "3 maternal 1377 Recombinant .................. *9 maternal
13294 Recombinant ............. *3 maternal 1377 Recombinant .................. *14 maternal
13294 Nonrecombinant ....... *4 maternal 1377 Nonrecombinint ............. *3 maternal

1333 Recombinant ............. *6 maternal 1416 Recombinant .................. *4 maternal
1333 Recombinant ............. *7 maternal 1416 Recombinant .................. "5 maternal
1333 Nonrecombinant ....... *3 maternal 1416 Nonrecombinant ............. *3 maternal
1340 Recombinant ............. *8 maternal 1418 Recombinant .................. *3 maternal
1340 Nonrecombinant ....... *3 maternal 1418 Nonrecombinant ............. *6 maternal
1344 Recombinant ............. *9 maternal 1421 Recombinant .................. *5 maternal
1344 Recombinant ............. 10 paternal 1421 Nonrecombinant ............. *3 maternal
1344 Recombinant ............. 11 maternal 1423 Recombinant .................. *3 maternal
1344 Nonrecombinant ....... 3 paternal 1423 Nonrecombinant ............. *4 maternal
1344 Nonrecombinant ....... *3 maternal 1424 Recombinant .................. *4 maternal
1347 Recombinant ............. *7 maternal 1424 Recombinant .................. *8 maternal
1347 Recombinant ............. *11 maternal 1424 Nonrecombinant ............. *5 maternal
1347 Nonrecombinant ....... *3 maternal 104 Recombinant .................. *8 maternal
1353 Recombinant ............. *4 maternal 104 Recombinant .................. *9 maternal
1353 Nonrecombinant ....... *5 maternal 104 Nonrecombinant ............. *5 maternal
1354 Recombinant ............. *9 maternal 1447 Recombinant .................. *3 maternal
1354 Recombinant ............. *13 maternal 1447 Nonrecombinant ............. *4 maternal
1354 Nonrecombinant ....... *3 maternal 1454 Recombinant .................. 7 paternal
1356 Recombinant ............. *10 maternal 1454 Nonrecombinant ............. 3 paternal
1356 Recombinant ............. "15 maternal 1456 Recombinant .................. *10 maternal
1356 Nonrecombinant ....... *6 maternal 1456 Nonrecombinant ............. "4 maternal
1358 Recombinant ............. *4 maternal 1458 Recombinant .................. *8 maternal
1358 Recombinant ............. *5 maternal 1458 Nonrecombinant ............. *4 maternal
1358 Recombinant ............. *9 paternal 1427 Recombinant .................. "4 maternal
1358 Recombinant ............. *9 maternal 1427 Nonrecombinant ............. *9 maternal
1358 Recombinant ............. *10 maternal 1477 Recombinant .................. *7 paternal
1358 Nonrecombinant ....... *3 paternal 1477 Nonrecombinant ............. *3 paternal

"Recombinant" indicates that the specified sibling contains an obligate recombinant chromosome inherited from the specified parent; and

"Nonrecombinant" indicates that the specified sibling contains a nonrecombinant chromosome inherited from the specified parent.
"In specified sibling. An asterisk (") indicates an individual typed with PCR-based test markers.
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one obligate recombinant; the multipoint map did not re- The achievement of a genetic map of chromosome
port the relative order of these two loci (Fain 1992). The 17p, with 39 markers organized into 23 clusters with
orders of all markers flanking the CMT1A locus that were an average spacing of 3 cM between clusters, provides
common to both maps were also identical. For loci flanking a level of resolution that can be useful in either the
the NF1 locus, O'Connell et al. (1989) reported 1% recom- construction of or comparison with the physical map.
bination between p3.6 and pHHH202, but we observed When the physical and genetic maps are integrated at
no recombination between these loci. This discrepancy re- such a high resolution, a genetic map can be scaled in
flected the fact that the recombinant in kindred 1333, indi- megabases, and it will be possible to compare recombi-
vidual 9, which was observed in the study by O'Connell nation fractions with physical distances within the ge-
et al. (1989), was not detected by the anchor markers used nome. For regions with unusual recombination features
to identify obligate recombinants in this study. UT 172 was (i.e., high recombination fractions over small physical
reported to be located 1.5 Mb proximal to NF1 (Shannon distances), the boundaries of the recombination events
et al. 1994). Our recombinant panel also located UT172 will also have been mapped in the CEPH families.
proximal to NF1 (table 5). The clusters of loci where the markers are not sepa-

An assumption of complete positive interference in the rated by recombination events could be due to the fact
small genetic intervals analyzed here is supported by recent that the appropriate recombinant chromosomes neces-
evidence of interference in human meioses (Kwiatkowski sary to order these loci were not genotyped or that the
et al. 1993; Weber et al. 1993). Interference minimizes recombination events are not randomly distributed
multiple-recombination events and makes the breakpoint- throughout this arm of chromosome 17p. Differences in
panel approach to ordering genetic loci more feasible sex-specific recombination at various regions of human
(Copeland and Jenkins 1991). Observed double-recombi- and murine chromosomes have been reported (O'Con-
nant events in our analysis of breakpoints on chromosome nell et al. 1987; Shiroishi et al. 1991). Determination of
17p were most likely due to genotypic errors or to new the distribution of the chromosome 17p recombination
undetected mutations that converted alleles to those already sites, with probes for large numbers of polymorphic loci,
occurring in the family. Errors in the collection and inter- will be necessary to test whether the distribution of re-
pretation of genotypic data occur at a frequency of -1% combination events in the CEPH chromosomes are ran-
in the CEPH database (Buetow 1991), while estimates of dom or clustered.
meiotic gene conversions for STRP without recombination The isolation by different laboratories, of the same
have been estimated at 1:3,300 meioses (Weber et al. 1993). microsatellite repeat containing loci reflects the fact that
While the observed "double recombinants" are likely to be the number of polymorphic loci in the human genome
genotyping errors, they may also provide evidence of events is finite. Although the number of dinucleotide repeat-
such as gene conversion. Although we were careful to mini- containing loci in the human genome is an estimated
mize the occurrence of errors in genotypic data, we would several hundred thousand, bias introduced by the use of
need to retype the family members in question, using DNA biological cloning vectors, the size selection of inserts,
from primary sources such as blood, to better understand and the length of microsatellite repeats influence the
the nature of the "double-recombinant" chromosomes. population of loci that will be isolated. DNA sequence

This approach to construction of high-resolution genetic analysis should be performed to determine whether
maps decreased the collection of genotypic data from 899 newly isolated loci detected by STS are identical to ex-
individuals for the extended reference families to -180 isting loci. This method offers a new tool for the geneti-
individuals for the present study. In the past, meiotic re- cist to determine whether two genetic loci are identical
combinant panels have been used only for determining the and represents another approach to determining
order of a few genetic loci, especially those with disease- whether errors exist in genotypic data.
causing alleles. The approach and tools presented here Our observation that UT72 (D17S755) is identical in
allow for a large number of loci and meiotic recombinant sequence to the G~nfthon marker D17S786 serves to
chromosomes to be ordered in seconds of computer time anchor the two genetic maps of chromosome 17p at this
and is similar to that used to construct high-resolution locus. UT72, which is <28 cM from the most distal
linkage maps of the murine genome (Guenet and Brown marker in this study, 144-D6, is reported to be 19 cM
1993). The incorporation of "anchor markers," for which from the most distal marker on the Gýnfthon map. Se-
order has already been well established, provides a level quence-known loci should expedite the integration of
of confidence that significant errors have not been intro- the physical and genetic maps, a notion proposed when
duced into the map. Simultaneous evaluation of large num- the STS was adopted as the "common language" of the
bers of genetic markers typed in the meiotic chromosome- human genome program (Olsen et al. 1989).
mapping panels is a logical use of the computational capac- If the genetic loci detected by the newly mapped
ity of the computer. probes were uniformly distributed and fully informative,
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Inhibitors of DNA methyltransferase, typified by 5-aza-2'-deoxy- representational difference analysis, restriction landmark ge-
cytidine (5-Aza-CdR), induce the expression of genes transcription- nome scanning, methylation-sensitive, arbitrarily primed PCR,
ally down-regulated by de novo methylation in tumor cells. We and methylated DNA-binding protein affinity chromatography
utilized gene expression microarrays to examine the effects of (21-24). Another strategy, gene expression microarrays, is par-
S-Aza-CdR treatment in HT29 colon adenocarcinoma cells. This ticularly suited for identifying candidate, methylation-silenced
analysis revealed the induction of a set of genes that implicated IFN genes and for assessing the downstream, cellular consequences
signaling in the HT29 cellular response to S-Aza-CdR. Subsequent of reactivating these genes. Microarray technology permits the
investigations revealed that the induction of this gene set corre- systematic examination of thousands of gene expression changes
lates with the induction of signal transducer and activator of simultaneously and has been used to follow the transcriptional
transcription (STAT) 1, 2, and 3 genes and their activation by changes that accompany disease development and cellular re-
endogenous IFN-a. These observations implicate the induction of sponses to environmental stimuli (25-29).
the IFN-response pathway as a major cellular response to 5-Aza- In view of the clinical interest in 5-Aza-CdR and our incom-
CdR and suggests that the expression of STATs 1, 2, and 3 can be plete understanding of the cellular consequences of inhibiting
regulated by DNA methylation. Consistent with STAT's limiting cell DNA MeTase, we have utilized gene expression microarrays to
responsiveness to IFN, we found that 5-Aza-CdR treatment sensi- probe the effects of treating colon tumor cells with 5-Aza-CdR.
tized HT29 cells to growth inhibition by exogenous IFN-m2a, Here, we show that 5-Aza-CdR inhibits the growth of HT29
indicating that 5-Aza-CdR should be investigated as a potentiator colon carcinoma cells and that this growth inhibition parallels
of IFN responsiveness in certain IFN-resistant tumors. the transcriptional induction of IFN-responsive genes. Subse-

quent analysi s revealed induction of signal transducers and
D NA cytosine methyltransferase I (DNA MeTase) recog- activators of transcription 1, 2, and 3 (STATs 1, 2, and 3),

nizes hemimethylated CpG dinucleotides in mammalian elements central to IFN signaling. Given the established growth-
DNA and catalyzes the transfer of methyl groups to cytosine inhibitory properties of IFNs, our data offer a new model for
residues in newly synthesized DNA (1). The methylation of understanding the cellular consequences of inhibiting DNA
cytosines within CpG islands located in core promoter regions MeTase.
can negatively regulate the transcription of the adjacent genes.
The basis for this negative regulation may involve recruitment of Materials and Methods
histone deacetylases to methylated CpG islands (1). Holliday Cell Culture and Drug Treatments. HT29 adenocarcinoma cells
first suggested a relationship between abnormal DNA methyl- (American Type Culture Collection) were cultured at 37°C in 5%
ation and cancer (2). Subsequently, a number of methylation- CO 2 by using McCoy's medium supplemented with 10% FBS
silenced tumor suppressor genes, including p16Ink4a, retinoblas- (GIBCO). For treatments with 5-Aza-CdR, cells were exposed
toma, estrogen receptor, hMLH1, and E-cadherin, have been to 500 nM 5-Aza-CdR (Sigma) 24 hr after passage in complete
identified in cancer cells in vitro and in vivo (3-8). It is becoming culture medium. Control cultures were treated in parallel with
clear that epigenetic processes constitute a significant factor in vehicle (PBS). Twenty-four hours after drug addition, culture
the formation of cancer (9). In this regard, DNA methylation medium was replaced with drug-free medium. Control and
abnormalities have been implicated in colon cancers in both 5-Aza-CdR-treated cells were subcultured at equal densities at
mouse and human tumor model systems (6, 10-12). 1 and 5 days after the initial treatment, and proliferation was

5-Aza-2'-deoxycytidine (5-Aza-CdR) inhibits DNA methyl- measured at the subsequent time point by using a Coulter
ation and often is used in vitro to induce the reexpression of genes counter.
putatively silenced by promoter methylation (8). 5-Aza-CdR is In other experiments, HT29 cells (control or pretreated with
substituted for cytosine during replication and is recognized by 500 nM 5-Aza-CdR) were exposed to human recombinant
DNA MeTase (13). Attempted transfer of methyl groups to IFN-a2a (a gift from Roche) at 1 X 105 units/ml or human
5-Aza-CdR, however, covalently traps the enzyme to newly recombinant IFN-y (GIBCO) at 5 X 102 units/mi. RNA was
synthesized DNA (14, 15). This sequestration ultimately depletes harvested for microarray expression analysis at 10, 24, and 96 hr.
cellular stores of DNA MeTase and results in widespread IFN concentrations were established by measuring growth in-
genomic hypomethylation. Clinical trials have demonstrated hibition in HT29 cells after treatment and approximating the
promise in the use of 5-Aza-CdR (decitabine) for treating IC515 for each IFN type (data not shown).
leukemia, and current trials are evaluating 5-Aza-CdR in the
treatment of lung and prostate cancers (16-19). It is plausible
that the antitumor activity of 5-Aza-CdR results from the Abbreviations: S-Aza-CdR, 5-aza-2'-deoxycytidine; DNA MeTase, DNA cytosine methyl-
induction of methylation-regulated tumor-suppressive pathways. transferase; STAT, signal transducer and activator of transcription; EST, expressed sequence

tag.h iTowhom reprint requests should be addressed at: University of Utah, 2000 Circleof Hope,
new insights into tumor development and may reveal the poten- Salt Lake City, UT 84112. E-mail: david.jones@hci.utah.edu.
tial for inhibiting DNA methylation as a cancer treatment (20). The publication costs of this article were defrayed in part by page charge payment. This
In this regard, a number of strategies have been used to uncover article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C.
methylation-regulated genes, including candidate gene analysis, §1734 solely to indicate this fact.
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Construction of Microarrays. The cDNA clones on the microarray 100
were obtained from Research Genetics (Huntsville, AL) and A
Genome Systems (St. Louis). Transformants were grown over- 75
night at 37°C in 96-well microtiter dishes containing 0.2 ml/well 2
Terrific Broth supplemented with ampicillin. Cultures were 0 00
transferred to a Millipore multiscreen, 96-well glass-fiber filtra- 2-
tion plate (MAFB NOB), and growth medium was voided.
Twenty-five microliters of 25 mM Tris.HC1, pH 8/10 mM 0
EDTA/50 ti1 of 0.2 M NaOH/1% SDS/160 Al of 0.7 M 1.0 5.0 9.0
potassium acetate, pH 4.8/5.3 M guanidine hydrochloride was days post-treaflret
added to each well of the glass filtration plate. Cell lysates were
drawn through the glass filters under vacuum, and filter-bound 10-9 10-1 10-7 5x10-7 M 5-Aza-CdR
DNA was washed four times with 200 l.l of 80% ethanol. Plasmid
DNAs were eluted by centrifugation after the addition of 65 Al B
of distilled H20. Samples were collected in a 96-well microtiter DNA MeTase
dish during centrifugation.

PCR amplifications (30 cycles, 52°C annealing) were per-
formed in 100-tl reaction volumes in a 96-well format by using
2 Al of purified plasmid as template and vector-specific primers vehicle 3 5 9 day
(typically T7 and T3). PCR products were combined with 200 LI C
of binding solution (150 mM potassium acetate, pH 4.8/5.3 M
guanidine hydrochloride) in a Millipore multiscreen glass-fiber p16

filtration plate. Vacuum was applied to void the binding solution,
and bound PCR product was washed four times with 200 Al of
80% ethanol. Products were eluted in 65 jil of distilled H 20. Fig. 1. 5-Aza-CdR inhibits HT29 cell proliferation and sequesters DNA
PCR product size ranged from 300 bp to 2.0 kb, with 1.0 kb as MeTasel.(A)HT29cellsweretreatedwithvehicleor500nM5-Aza-CdRfor24
a typical length. DNA was prepared for spotting by diluting the hr. After this treatment, the drug was removed and cell proliferation was
purified PCR products in DMSO at a final concentration of measured by directly counting cells at the indicated time points (see Materials
20-45 ng/pAI. and Methods). Data are presented as mean count ± 1 SD, (n = 3). (B) HT29 cells

Microarray slides were produced by using a Generation III were treated with the indicated concentrations of 5-Aza-CdR for 24 hr, and

Microarray Spotter (Molecular Dynamics). Each microarray the presence of DNA MeTase I (200 kDa) was assessed in nuclear protein
contained 4,608 minimally redundant cDNAs spotted in duplic extracts by immunoblotting. Sequestration of DNA MeTase I by 500 nM

5-Aza-CdR continued for 4 days after treatment (data not shown) (C) The
cate on 3-aminoproply-trimethoxy silane-coated (Sigma) slides expression of p16 in HT29 cells at time points after treatment with 500 nM
and UV crosslinked in a Stratalinker (Stratagene). 5-Aza-CdR was measured by Northern blot analysis.

Generation of Microarray Probes, Microarray Hybridizations, and
Scanning. Total RNA was isolated by using Trizol reagent macia). Reverse transcription-PCR of type I (cx, P) and II (y)
(GIBCO) and poly(A) RNA was selected by using an Oligotex IFN genes was carried out on cDNAs prepared from vehicle-
Kit (Qiagen). First-strand cDNA probes were generated by treated and 500 nM 5-Aza-CdR-treated HT29 cells 9 days after
incorporation of Cy3-dCTP or Cy5-dCTP (Amersham Pharma- treatment. The primers used for amplification of IFN-a are
cia) during reverse transcription of purified mRNA (1 Acg) with within the coding region and are capable of amplifying each
SuperScript II (GIBCO). After synthesis, RNA/cDNA hybrids member of the IFN-a gene cluster.
were denatured and the mRNA was hydrolyzed with NaOH.
Single-stranded cDNA probes were transferred to a Millipore Cell Fractionations and Western Blotting. Nuclear and cytoplasmic
glass-fiber filtration plate containing two volumes of 150 mM fractions were prepared as described previously (30). Protein
potassium acetate, pH 4.8, and 5.3 M guanidine hydrochloride, extracts (50 Ag) were fractionated through 10% SDS/PAGE gels
The mixture was voided by vacuum, and bound cDNA was (Novex) and blotted onto poly(vinylidene difluoride) mem-
washed four times with 80% ethanol. Probes were eluted by the branes (Amersham Pharmacia). Antibody to DNA methyltrans-
addition of 50 Al of distilled H20, recovered by vacuum con- ferase I was a kind gift from Moshe Szyf (McGill University,
centration, and reconstituted in 30 Al of 5 X SSC/0.1% SDS/0.1 Montreal, Canada). STATs 1, 2, and 3 antibodies were purchased
J.g/ml salmon sperm DNA/50% formamide. After denaturation from Transduction Laboratories (Lexington, KY). Final protein
at 94°C, the hybridization mixture was deposited onto an arrayed detection employed a horseradish peroxidase-conjugated goat
slide under a coverslip.

Hybridizations were performed overnight at 42°C in a humid- anti-mouse secondary antibody (GIBCO) and chemilumines-
ified chamber. After hybridization, slides were washed for 10 mi cence (NEN Renaissance).
in 1X SSC/0.2% SDS and then for 20 min in 0.lx SSC/0.2% Results
SDS. Slides were rinsed briefly in distilled water and dried with
compressed air, and the fluorescent hybridization signatures 5-Aza-CdR Treatment Inhibits the Proliferation of HT29 Cells. HT29
were captured by using the "Avalanche" dual-laser confocal colon adenocarcinoma cells are p53- and APC-deficient and
scanner (Molecular Dynamics). Fluorescent intensities were mismatch repair-proficient. Treatment of these cells with 500 nM
quantified by using ARRAYVISION 4.0 (Imaging Research, St. 5-Aza-CdR for 24 hr caused a time-dependent, 3-fold inhibition
Catherine's, ON, Canada). of proliferation (Fig. 1A). As determined by flow cytometric

analysis of propidium iodide-stained cells, apoptosis failed to
Northern Blotting and Reverse Transcription-PCR. Five micrograms account for the reduced cell numbers in response to 5-Aza-CdR.
of total RNA was fractionated through formaldehyde- Rather, growth inhibition was characterized by an increased
containing agarose gels and transferred onto nylon membranes proportion of cells in G, (data not shown). Treatment with
(Amersham Pharmacia). Hybridizations with 32P-labeled probes 5-Aza-CdR depleted HT29 cells of soluble, nuclear DNA
were carried out by using Rapid-hyb buffer (Amersham Phar- MeTase I as determined by Western analyses of nuclear protein
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extracts (Fig. 1B). This depletion corresponded with the reex-
pression of a known methylation-silenced gene, p16 (8) (Fig. IC). A
The kinetics of growth inhibition, depletion of DNA MeTase I,
and the reactivation of p16 were consistent with the mechanistic
properties of 5-Aza-CdR and verified our HT29 cell model
system. Although the induction of p16 may contribute to the
growth inhibition seen in response to 5-Aza-CdR (31), we
hypothesized that the genomewide nature of 5-Aza-CdR-
induced hypomethylation was likely to affect other growth
inhibitory pathways.

5-Aza-CdR-Treatment Induces the Expression of IFN-Responsive Genes
in HT29 Cells. To investigate the molecular mechanisms involved
in 5-Aza-CdR-induced growth inhibition in HT29 cells, we 10
constructed and utilized high-density cDNA microarrays to
analyze gene expression changes coincident with 5-Aza-CdR B
treatment. Our array was composed of 4,608 randomly selected,
minimally redundant cDNAs from the Unigene set (32). Labeled
cDNA probes were prepared from vehicle-treated and 500 nM "
5-Aza-CdR-treated HT29 cells 9 days after the initial drug
exposure, a time that coincided with maximal growth inhibition W
(Fig. 1A). First-strand cDNAs were reverse-transcribed from
mRNA samples in the presence of Cy-3dCTP (vehicle-treated) 0. .
or Cy-5dCTP (5-Aza-CdR-treated). After labeling, the two 0 0 2000 3000 4000
probes were hybridized simultaneously to the microarray slide Array Element Number
(Fig. 2A). Subsequent analysis revealed up-regulation of 19
genes by greater than 2 SD above the mean expression ratio for
the entire gene set (Fig. 2B). We confirmed the induction of vehicle 5 9 vehicle 5 9 day

these genes with Northern analyses (Fig. 2C) and their identity
by DNA sequencing (Table 1). We noted that 10 of 19 genes C 11.5 kD Midkine
induced by 5-Aza-CdR were established IFN-response genes
(Table 1) (27, 34-36). Because IFNs are established cell growth 17.5 kD ........ * Mx-l
inhibitors (37-39), the stimulation of IFN-responsive genes in 17.5 .D,÷
5-Aza-CdR-treated HT29 cells presented an attractive hypoth- 56 kD gapdh
esis to explain the coincident growth inhibition (Fig. 1A).

To determine whether these 10 genes are regulated by IFN in Fig. 2. Microarray analysis of gene expression changes in HT29 cells after
HT29 cells, and to assess whether the other 9 genes also are 5-Aza-CdR treatment. (A) A cDNA microarray containing 4,608 target genes
responsive to IFN, we conducted microarray experiments on was constructed from a set of minimally redundant expressed sequence tags
HT29 cells treated for 10, 24, or 96 hr with either IFN-a or IFN-Y (ESTs). The microarray was hybridized with cDNAs prepared from vehicle-
(Fig. 3). Interestingly, each of the 19 genes regulated by 5-Aza- treated [Cy3-dCTP-labeled (green)] and 500 nM 5-Aza-CdR-treated HT29 cells
CdR were also induced by either IFN-c or IFN- , (Table 1). [CyS-dCTP(red)]9daysaftertreatment.Tworepresentative12X32genegrids

(of 12) aredisplayed. (B) The fluorescent signal from the hybridized microarray
Comparison of the induced genes revealed a significantly greater slide was detected, quantified, and plotted as a ratio (Cy-5 signal/Cy-3 signal)
overlap between 5-Aza-CdR- and IFN-cr-induced genes than for each array element. The average expression ratiofor all genes on the array
between 5-Aza-CdR- and IFN-y-induced genes (17/19 vs. 12/19 was normalized to 1.0 and had a SD of 0.177. The black line indicates a trend
genes, respectively), line 2 SD above the mean expression ratio for all genes on the microarray. The

small, blue diamonds are genes below this cutoff; the large, red diamonds are
5-Aza-CdR Treatment Induces the Nuclear Accumulation and the genes above the cutoff. (C) Microarray expression data were confirmed by

Expression of STATs 1, 2, and 3. A simple explanation for the Northern blot analysis. Induction of five representative transcripts (see Table
1) 5 and 9 days after 5-Aza-CdR treatment is shown, along with glyceralde-

activation of IFN-responsive genes by 5-Aza-CdR is that the drug hyde-3-phosphate dehydrogenase (gapdh), an RNA-loading control. 11.5 kD,
stimulated the synthesis and release of IFNs. Consistent with this IFN-inducible protein 27; 17.5 kD, IFN-induced 17-kDa protein; 56 kD, IFN-
possibility is the observation that the expression of IFN--y can be induced protein 56.
regulated by DNA methylation (40-42). We, therefore, mea-
sured the mRNA levels for IFNs-a, -/3, and --y in HT29 after
treatment with 500 nM 5-Aza-CdR. Reverse transcription-PCR caused us to investigate the IFN-signaling pathway to account for
analysis detected only IFN-a, and its mRNA level remained the induction of IFN-responsive genes by 5-Aza-CdR. Z
unchanged after 5-Aza-CdR treatment (Fig. 4A). We also were Because STAT transcription factors are effectors of IFN
unable to detect any increase in IFN-a (or the presence of signaling (43), we next examined whether 5-Aza-CdR treatment
IFN-y) by Western blot analysis of protein extracts from 5-Aza- caused them to accumulate in the nuclei of HT29 cells. ToCdR-treated HT29 cells at 2, 5, or 7 days after treatment (data address this, we performed Western blot analyses on fraction-
CRrte shown).Thelse obseati2,5,orn7 daysifter treatmen(dat leveated HT29 cells by using antibodies specific for STATs 1, 2, 3, 4,
not shown). These observations eliminated increased levels of 5, and 6. We observed a time-dependent increase of STATs 1, 2,
IFNs as an explanation for the induction of IFN-responsive genes and 3 in the nuclei of HT29 cells after treatment with 500 nM
by 5-Aza-CdR. In addition, the transfer of medium harvested 5-Aza-CdR (Fig. 4B). In contrast, STATs 4, 5, and 6 did not
from 5-Aza-CdR-treated cells at 9 days after treatment onto accumulate in the nuclei after 5-Aza-CdR treatment (data not
control HT29 cell cultures did not inhibit cell growth. This shown). We also noted an increase in the total cellular levels of
indicates that the growth inhibition observed in 5-Aza-CdR- STATs 1, 2, and 3 after 5-Aza-CdR treatment (Fig. 4B). This
treated cells does not result from an increase in secreted IFN novel observation raised the possibility that inhibition of DNA
protein or of other growth inhibitory cytokines. These data MeTase induced the expression of STATs 1, 2, and 3.
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Table 1. Genes up-regulated by 5-Aza-CdR treatment of HT29 A vehicle 9 day
cells*

Unigene 
IFN-a "" • , -2 .

number or Regulation Regulation gapdh W-- M
5-Aza-CdR-induced gene t  image ID by IFN-al by IFN--y

Human mRNA for Stac Hs. 56045 + + vehicle 5 9 day

IFN-induced protein 56 Hs. 20315 + B
IFNa-inducible protein 27 Hs. 2867 + +
IFN-induced 17-kDa protein liD 149319 + + STAT I 80kd
EST Hs. 6166 + STAT 2
EST Hs. 165240 + +
Myxovirus resistance gene 2 Hs. 926 + - STAT 3 w0kd
Purinergic receptor P2Y5 Hs. 189999 + + 'N:. .,
EST Hs. 109309 + vehicle 5 9 day

CpG island DNA fragment No match§ + +
TGF-p3 superfamily member MIC-1 Hs. 116577 + + C STAT Ic • 4.4 kb
IFN-induced protein IFI-6-16 Hs. 21205 + - STAT Il ,.,,
EST Hs. 47783 + +

MHC class I Hs. 77961 + + .i

Midkine Hs. 82045 - + STAT 2 40-o• 4.4 kb

Myxovirus resistance gene 1 Hs. 76391 + - _

2'-5'-Oligoadenylate synthetase 3 No matchl + + STAT 3 2.37 kb
Nuclear antigen SP100 Hs. 77617 +
IFN-inducible protein 10 Hs. 2248 - + 28S

Bold type indicates previously identified lFN-responsive genes.

*Genes induced in HT29 cells by treatment with 500 nM 5-Aza-CdR at day 9 186
thatwere up-regulated bygreaterthan 2 SD abovethe mean expression ratio
for all genes on the microarray (see Fig. 28), listed in descending order. Fig. 4. 5-Aza-CdR treatment activates STATs 1, 2, and 3 in HT29 cells. (A) The

TThe identity of each gene was verified by DNA sequencing and BLAST expression level of IFN-a in HT29 cells before and after 500 nM S-Aza-CdR
analysis (33). treatment was measured by reverse transcription-PCR along with gapdh to

$The expression of the genes induced by 5-Aza-CdR (column 1) was measured confirm equivalent cDNA input. (B) STAT transcription factor levels were
by microarray analysis after treatment of HT29 cells with 1 x 105 units/mi measured by Western blotting. Cytoplasmic (C) and nuclear (N) cell extracts
IFN-a2a or 5 x 102 units/ml IFN-yfor 10, 24, and 96 hr. Expression was scored were prepared from HT29 cells after treatment with vehicle or 500 nM
as induced if the gene was up-regulated at any time point. 5-Aza-CdR. A poly(vinylidene difluoride) membrane harboring the protein

§Identical to accession numbers Z61029 and Z61030 (100% identity over 115 extracts was probed sequentially with mAbs specific to STATs 1, 2, and 3. In
bases) in the nonredundant Genbank database, each case, the antibodies recognized proteins of the appropriate molecular

lildentical to accession number NM006187 (100% identity over 366 bases) in weight for each STAT. Molecular mass markers are indicated. (C) The expres-
the nonredundant Genbank database. sion of STAT 1, 2, and 3 genes was measured by Northern blotting. RNA was

isolated from HT29 cells after treatment with vehicle or 500 nM S-Aza-CdR.
The locations of molecular mass markers are indicated. Ethidium bromide

Because cDNAs corresponding to STATs 1, 2, and 3 were staining confirmed equal RNA loading (28S, 18S rRNAs).
not on the microarray, we next performed Northern blot
analyses on RNAs from 5-Aza-CdR-treated HT29 cells by
using probes specific for STATs 1, 2, and 3. Fig. 4C illustrates 3 in the response of HT29 cells to 5-Aza-CdR. We also found

the time-dependent up-regulation of STATs 1, 2, and 3 mRNA that the STAT genes were expressed above control levels for

levels after 5-Aza-CdR treatment. This induction correlated at least 17 days (5 cell passages) after treatment with 5-Aza-

temporally with growth inhibition in response to 5-Aza-CdR CdR (data not shown).

and implicates the transcriptional activation ofSTATs 1,2, and 5-Aza-CdR Treatment Sensitizes HT29 Cells to Exogenous IFN-a2a. The

above data suggest that STATs 1, 2, and 3 limit the response of
HT29 cells to IFNs. With this in mind, we hypothesized that

5-Aza-CdR IFN-cc2a IFN-y 5-Aza-CdR treatment could potentiate the response of HT29

cells to IFN-a. To test this hypothesis, we exposed control and
5-Aza-CdR-treated HT29 cells to various concentrations of
IFN-c2a and measured growth rates. We found that 5-Aza-CdR
increased the responsiveness of HT29 cells to growth inhibition
mediated by IFN-a2a (Fig. 5). This effect corresponded to at
least a 5-fold increase in the potency (IC.() of 2 X 105 units

Fig. 3. Microarray expression profiling of 5-Aza-CdR and IFN-treated HT29 IFN/ml for control cells vs. IC5j( of 4 X i04 units IFN/ml for
cells. HT29 cells were treated with 500 nM 5-Aza-CdR, 1 x 105 units/ml 5-Aza-CdR-treated cells) of IFN-a for inhibiting HT29 cell
IFN-a2a, or 5 x 102 units/ml IFN-3,. RNA was harvested 9 days (5-Aza-CdR) growth. It is important to note that the increased responsiveness
or 4 days (96 hr) (IFN-a or --y) after treatment and used to generate probes was observed despite the high level of growth inhibition elicited
for microarray analysis. Shown in the figure is a representative section of by 5-Aza-CdR treatment alone (Fig. IA).

the microarray after hybridization with Cy-S-labeled cDNAs from 5-Aza-
CdR-, IFN-a-, or IFN--y-treated cells and Cy-3-labeled cDNAs from control Discussion
cells. Four genes up-regulated by 5-Aza-CdR treatment are on the displayed
grid. They are IFN-a-inducible protein 6-16 (row 4, column 9), expressed Transcriptional silencing of tumor-suppressor genes by CpG
sequence tag (EST) Hs.109309 (8, 7), EST Hs.165240 (9, 14), and human methylation may contribute to the development of human
mRNA for Stac (9, 16). carcinomas. A model wherein methylation-induced gene silenc-
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100- HI29 vehicle pointed us to the up-regulation of STATs 1, 2, and 3, which are

ýHT29 5-Aza-CdR required to mediate the growth-inhibitory effects of IFN-y
(STAT 1) and IFN-a (STATs 1, 2, and 3) (43, 46, 47).

80- The up-regulation of STATs in response to 5-Aza-CdR maybe
0 •explained in at least two ways. One explanation is that STAT

2 60- genes are directly silenced by de novo methylation in tumor cells.
0 In support of this model, the 5' regions of STAT 1, 2, and 3

cDNAs contain likely CpG island targets for methylation (48)
40 (see also GenBank accession no. L29277 for STAT 3). A second

explanation is that induction of STATs 1, 2, and 3 by 5-Aza-CdR
20 is the result of the epigenetic activation of another, upstream

regulator of STAT expression. We do not believe it is likely that
1 2 3 4 5 the stimulation of STATs and the IFN-induced gene set is due

IFN-c2a (LOgl0 units/ml) to nonspecific cellular toxicity or growth arrest because microar-
ray experiments performed in our laboratory with agents such as

TNF, TRAIL, FasL, and TGF-P3 have not revealed the induction
Fig. 5. 5-Aza-CdR treatment increases the responsiveness of HT29 cells to of a similar gene set as that seen with 5-Aza-CdR and IFN-a and,
growth inhibition mediated by exogenous IFN-a2A. HT29 cells were treated
with 500 nM 5-Aza-CdR or vehicle (PBS). Ten days after removal of the drug, accunsfr express on oS ateisrunliel

triplicate wells were treated with a concentration curve of IFN-a2a. Four days a t the sm e up-reatio ofpteseignes also rts inltheir
later, cell proliferation was measured by using a Coulter counter. Percentage that the simple up-regulation of these genes also results in their
of control growth was calculated by dividing the mean cell count at each IFN activation and nuclear accumulation. Rather, our data support a
concentration by the mean cell count of untreated control cells (either HT29 scenario in which endogenous IFN-a is responsible for activating
or 5-Aza-CdR-treated HT29 cells, respectively). Data are presented as mean ± STATs 1, 2, and 3. Several lines of evidence support this
1 SD, (n = 3). Similar results were obtained in four independent experiments, explanation. First, our analysis indicates the presence of IFN-a

in control and 5-Aza-CdR-treated HT29 cells whereas IFN-P3
and -,y were undetectable under either condition. Second, our

ing accompanies tumor development raises the potential for microarray analysis showed substantial overlap in genes induced
drug-induced reactivation of methylation-silenced tumor- by 5-Aza-CdR and those induced by the direct addition of IFN-a.
suppressor genes as a therapeutic strategy. In this context, Finally, our observation that STATs 1, 2, and 3 each accumulated
pharmacological inhibition of DNA MeTase by 5-Aza-CdR in HT29 cell nuclei follows a number of studies demonstrating
inhibits the growth of bladder, colon, and melanoma tumor cell that IFN-a stimulation leads to activation of STAT1/2 or
lines, whereas control human fibroblasts are unaffected (31). STAT1/3 heterodimers (43, 49, 50).
Also, consistent with this model, a number of methylation-silenced Our observation that 5-Aza-CdR stimulates expression of
tumor-suppressor genes have been identified by candidate gene STATs 1, 2, and 3 holds important clinical implications. First, the
approaches in tumor cells (3-5, 7, 11, 12, 44, 45). Among these, expression of STAT 1 in certain metastatic melanoma and
Bender et al. have demonstrated induction of p1 6 in a number gastric adenocarcinoma cell lines is greatly depressed and cor-
of tumor cells that are growth-inhibited after 5-Aza-CdR treat- relates with a reduced level of responsiveness of these tumors to
ment and that this induction correlates with the methylation IFN-a (51-53). In the clinic, metastatic melanomas often fail to
status of the p16 promoter (31). However, it is reasonable to respond to IFN-ca (54). Dampening of the IFN-response pathway
assume that the pharmacology of 5-Aza-CdR extends beyond by methylation silencing of STATs or other signaling compo-
p16-mediated growth arrest in that tumor cells in which p16 is nents could account for lack of responsiveness of certain mel-
not induced by 5-Aza-CdR are also growth-inhibited (31). anomas to IFN-a. Further, the activation of STATs by 5-Aza-

Our observation that 5-Aza-CdR inhibits HT29 cell growth CdR treatment raises the possibility that this drug could sensitize
parallels the results seen in other tumor cell lines (Fig. 1) (31) resistant tumor cells to IFN. As an initial test of this hypothesis,
and validated them as a model system for microarray expression we examined the sensitivity of HT29 cells to the growth-
analysis. However, the results of our microarray analysis led to inhibitory effects of IFN-a before and after treatment with
a new hypothesis for explaining the growth-inhibitory properties 5-Aza-CdR. We saw that 5-Aza-CdR treatment increased the
of 5-Aza-CdR in tumor cells in vitro and, perhaps, the efficacy of responsiveness of HT29 cells to IFN-a-mediated growth inhibi-
this compound in vivo. Our data indicate that STAT 1, 2, and 3 tion This result offers a plausible new line of investigation on the
expression is induced by 5-Aza-CdR, that these proteins accu- combination of 5-Aza-CdR and IFNs for the treatment of certain
mulate in the nucleus of 5-Aza-CdR-treated cells, and that these IFN-resistant tumors.
phenomenon parallel 5-Aza-CdR-induced growth inhibition. In conclusion, our work shows the value of microarray
These data suggest that the presence of STAT proteins in tumor expression analyses in analyzing the mechanistic actions of
cells can dictate responsiveness to certain chemotherapeutics pharmaceutical agents. Two previous studies have utilized
and raise the possibility that STATs 1, 2, and 3 are methylation- microarrays to examine the specificity of drug actions in yeast.
silenced tumor suppressors. Gray et al. examined the transcriptional perturbations elicited

Our microarray approach started with an unbiased look at by structural analogs of cyclin-dependent kinases inhibitors
HT29 cell responses to 5-Aza-CdR and led us, indirectly, to the (28). In another study, Marton et al. compared the transcrip-
IFN-signaling pathway as a potential tumor-suppressive path- tional profiles resulting from cyclosporin A and FK506 treat-
way. e saw that the genes responding most robustly to 5-Aza-CdR ment of yeast mutant strains defective in calcineurin and
treatment in HT29 cells were also responsive to IFN treatment. This immunophilin genes (29). These studies illustrate that microar-
suggested the activation of the IFN-signaling pathway as a major rays can be used to examine drug-target specificity and po-
cellular response to 5-Aza-CdR. The induction of IFN-responsive tential secondary drug effects. We have extended these ap-
genes presents an attractive hypothesis for explaining 5-Aza- proaches by presenting a microarray-based evaluation of a
CdR-mediated growth inhibition in that IFNs are established clinically relevant compound in a human cell line. Although
growth-inhibitory cytokines (37, 39). However, it was unlikely the explicit mechanistic basis for inhibition of DNA MeTase by
that each of these IFN-responsive genes were regulated directly 5-Aza-CdR is known, our study provides new, testable hypoth-
by promoter methylation. As an alternative, the microarray data eses that may explain the consequences of inhibiting DNA
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methylation in a clinical setting. Further pharmacological We thank Ann Jones for cell culture expertise. We thank the DNA
studies that utilize microarrays are likely to reveal new lines of Sequencing Facility, DNA/Peptide Synthesis Facility, and Flow Cytom-
investigation, both in vitro and in vivo, that more focused etry Facilities at the University of Utah. This work was supported hy
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Abstract In addition to the cellular inactivation of pRB by cycins and cyclin-
dependent kinases, several DNA tumor virus proteins abrogate pRB

Disruption of the retinoblastoma (RB) tumor suppressor pathway is a activity by binding to and functionally sequestering pRB. The HPV16 E7
common and important event in breast carcinogenesis. To examine the protein not only inactivates pRB function by binding but also enhances
role of the retinoblastoma protein (pRB) in this process, we created
human mammary epithelial cells (HMEC) deficient for pRB by infecting degradation of pRB through ubiquitin-dependent proteolysis (6).

primary outgrowth from breast organoids with the human papillomavirus HPV16 E7 was shown previously to immortalize early passage HMEC in

type 16 (HPV16) E7 gene. HPV16 E7 binds to and inactivates pRB and culture (7), suggesting a critical role in growth regulation for pRB in vivo.

also causes a significant down-regulation of the protein. Culturing normal Disruption of such fundamental growth control mechanisms should generate
-1HMEC in a reconstituted basement membrane (rBM) provides a correct cell populations predisposed for transformation. To create a pRB-deficient
environment and signaling cues for the formation of differentiated, acini- cell line, we infected primary breast epithelial cell outgrowth with a retrovirus
like structures. When cultured in this rBM, HMEC+E7 were found to expressing the HPV16 E7 gene (HMEC+E7). In this study, only early
respond morphologically as normal HMEC and form acinar structures. In passage, G418-resistant, precrisis HMEC+E7 cells were examined. To char-
contrast to normal HMEC, many of the cells within the HMEC+E7 acterize the impact of this pRB deficiency, we used a sensitive three-
structures were not growth arrested, as determined by a 5-bromo-2'-
deoxyuridine incorporation assay. pRB deficiency did not affect polariza-
tion of these structures, as indicated by the normal localization of the spheroid structures that resemble breast acini (8). Culturing human, luminal

cell-cell adhesion marker E-cadherin and the basal deposition of a colla- breast epithelial cells in a rBM provides an environment that supports not

gen IV membrane. However, in HMEC+E7 acini, we were unable to only organogenesis but also formation of endogenous BM necessary for

detect by immunofluorescence microscopy the milk protein lactoferrin or differentiation (9). This culture system can also be used to distinguish be-
cytokeratin 19, both markers of differentiation expressed in the normal tween normal and cancer cells because of the inability of the transformed
HMEC structures. These data suggest that loss of RB in vivo would cells to organize into acinar structures (10).
compromise differentiation, predisposing these cells to future tumor- We examined the effect of pRB deficiency on structure formation,
promoting actions. cell-cell interactions, and differentiation by culturing the cells in a

rBM. Our data demonstrate that even in the absence of functional
Introduction pRB, human breast epithelial cells organize and form morphologically

The tumor suppressor gene RB3 can play a significant role in breast typical acini-like structures. Furthermore, in these pRB-deficient

carcinogenesis. RB has been shown to be inactivated in 19% of human structures, proper localization of E-cadherin and deposition of a

breast tumors and 25% of human breast carcinoma cell lines (1, 2). collagen IV BM, both markers of organogenesis, were found. How-

Other members of the RB regulatory network have also been reported ever, unlike normal HMEC, the structures formed by HMEC+E7 do

as having aberrant expression in a significant number of breast car- not exit the cell cycle and are deficient for the expression of cyto-

cinomas. For example, cyclin Dl, which through regulation'of the keratin 19 and lactoferrin, two proteins associated with the differen-

cyclin-dependent kinase Cdk4 phosphorylates and inactivates pRB, is tiation of luminal breast epithelial cells. These data suggest that pRB

overexpressed in 35% of breast tumors (3). The p16 protein, also a is not necessary for the transmission of signals from the extracellular

regulator of pRB activity through inhibition of Cdk4, is absent in 40% matrix that convey information necessary for structure formation, but

of breast tumors, as determined by immunohistochemical analysis (4). pRB does appear to be necessary for cell cycle withdrawal and

Additionally, restoration of pRB expression in human breast cancer expression of some proteins normally present in the differentiated

cell lines lacking functional pRB has been shown to cause a reduction luminal epithelial cell. Our data suggest that the initial loss of RB in

in the cells' tumorigenicity (5). These data suggest that disruption of vivo would not predispose breast epithelial cells to an apoptotic or

the RB regulatory network is a common and important step in breast immediate transformed fate, but rather loss of pRB activity would

carcinogenesis. contribute to a less differentiated cellular state that, in turn, may
eventually lead to a malignant phenotype.
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RB-DEFICIENT BREAST (ELLS FAIl. TO FULLY DIFFERENTIATE

HMEC HMEC+E7 prior to freezing the culture without fixative. Cryosections were fixed in 2%
paraformaldehyde in PBS for 10 rin, followed by a 30-rain incubation in 2 M
HCI. all performed at room temperature. Staining proceeded as above uising
anti-BrdUrd (mouse IgGI. BMC93I ) 1:10 and sheep anti mouse inmmntuIto-

kDa globulin-FITC 1:10 (Bochringer MNanheim. Indianapolis. IN). Slides were
scored visually (-200 cells/experiment) for BrdUrd-labelcd nuclei, and indi-
ces were calculated by expressing this number as a percentage of the total

- 220 nuclei scored (10).

Results

pRB-- - 7 HMEC expressing HPV16 E7 Show a Decrease in pRB Ex-

pression. Primary epithelial outgrowtlt from normal human or-

ganoids was infected with a retroviral construct expressing the- 66 HPVI6 E7 gene. HMEC+E7 were selected by culturing the cells

in CDM3 growth medium containing Geneticin. To determine the- 46
effect of HPVI6 E7 expression on pRB, HMEC and HMEC+E7
were examtned by Western imnmunohlot analysis. Fig. I shows the

Fig. I. Western blot analysis of pRB in normal and HPV tb E7-expressing breast

epithelial cells. Protein lysatcs from HMEC and HMEC+E7 were analvycd by SDS- expression level of' pRB in the normal, parental U-MEC when
PAGE and imninunoblotting with a monoclonal anti-pRB antibody, pRB is present in the cultured on plastic. In contrast. HMEC+ E7 showed a significant
normal HMEC. bnt the level of expression is redneed in HMEC+E. decrease in pRB. This down-regulationi of pRB is in agreement

with previous results demonstrating the ubiquitin-dependent pro-
separated from stromal and blood cells by sequential sedimentation at I X g. teolysis of pRB in the presence of HPV 16 E7 (6).

Organoids were cultured immediately or frozen in DMEM: Nutrient Mixture F-12F HMEC+E7 Form Acinar Structures When Cultured in Extra-
(Ham) 1:1 (Life Technologies, Inc., Gaithersburg, MD), 10% FCS, and 10%
DMSO. Organoids were cultured on plastic in CDM3 culture medium (12) for
primary breast epithelial cell outgrowth and subculture. Primary epithelial out- HMEC and HMEC+E7 were cultured in rBM. By 10 days in clture,

"growth was infected with an LXSN retroviral construct containing the HPV16 E7
gene (LXSNI6E7; Ref. 13). HMEC were incubated with LXSNI6E7 in CDM3
plus 4 Acg/ml Polybrene (Sigma) for 24 h. Viral supematant was aspirated. and
HMEC were cultured in virus-free CDM3 for 48 h prior to selection in CDM3
containing 50 4g/ml Geneticin (Life Technologies, Inc.). Early-passage HMECI HMEC
(either passage one or two) and HMEC containing LXSN 16E7 (HMEC-+ E7) were
cultured in a rBM, Matrigel (Becton Dickinson, Bedford. MA), as described
previously (10). Briefly, 2.5 X 105 HMEC were resuspended as single cells in 300
A.l of 10 mg/ml Matrigel per well and plated onto Nunc four-well multidishes
coated with 100 ,. of Matrigel. Matrigel cultures were overlaid with 500 tl of
CDM3.

Western Blot Analysis. HMEC and HMEC+E7 cultured in polystyrene
flasks were scraped in lysis buffer (PBS containing 0.1% Triton X-100, 0.1%
NP40, 0.2 mg/mI Pefablock, 0.01 mg/ml aprotinin. 0.01 mg/mI pepstatin. 0.01 HMEC+E7
mg/ml leupeptin. 20 mM sodium fluoride, and I mm sodium orthovanadate)
and sonicated for 30 s on ice. HMEC and HMEC+E7 cultured in rBM for 10
days were'liberated from the Matrigel by incubation with dispase (Becton
Dickinson) for I h at 37:C. The acini were then washed with PBS plus 5 mm
EDTA, resuspended in lysis buffer, homogenized for 10 s, and sonicated for E
30 s on ice. Protein lysates from cells cultured on plastic or in Matrigel were 80-
boiled in SDS-PAGE sample buffer for 3 min, and 50 Ag of total protein were
resolved on 4-12% gradlent acrylamide Tris-Glycine gels (Novex, San Diego. 70-
CA) by SDS-PAGE. Proteins were transferred to nitrocellulose membrane 60
(Schleicher & Schuell, Dassel, Germany). Immunoblot analysis was performed
as described previously 114). Antibodies were used in the following concen- 50-
trations: RB (mouse IgGI. G3-245) 1:400 (PharMingen. San Diego. CA),
cytokeratin 19 (mouse IgGI, RCK 108) 1:100 (DAKO), and horseradish = 40-

()
peroxidase-goat antimouse (Sigma) 1:30,000. .I

Immunofluorescence. Ten-day HMEC and HMEC+E7 rBM cultures _. 30-
were fixed, frozen, and cut into 5-Am sections as described previously (15). 20
Antibodies were used in the following concentrations: E-cadherin (mouse v T
IgG2a, 36) 1:100 (Transduction Laboratories. Lexington. KY), collagen IV • 10
(mouse IgGI, CIV 22) 1:50 (DAKO, Carpinteria. CA), cytokeratin 18 (Imotuse I
IgGI. CY-90) 1:800 (Sigma), lactoferrin (rabbit sera) 1:50 (Zymed, San HMEC HMEC+E7
Francisco. CA), cytokeratin 19 (mouse Ig G1. RCK 108) I:100 (DAKO), goat Fig. 2. HMEC-E7 cultured it extracellular mitrix form acinar otucinres that are sotantimouse [gG I-FITC 1:200 (Southern Biotechnolo,!,v .-,, Bcits irmino- Fg..HM- E7ctreiaetaelurmtixfrainrsctr ttaeno

nc ... growth arrested. Breast cells were cturited tn a rBJ tfoT 10 daVs. A and (', phase contrast

ham, AL), Alexa 488 goat antimouse IgG (H+L), F(ab')z fragment conjugate images of representative HMEC (A) and HMEC+E7 (C) structures. 8 and 1), frozen
1:1000 (Molecular Probes, Eugene. OR). and goat antirabbit-Texas Red 1:200 sections of HMEC (B) and HNIEC+E7 tD acini stained with DAPI. HMEC+E7 cultured
(Accurate Chemical and Scientific, Westbury, NY). Nuclei were counter- in rBIM fornted structures torphologicallv sitilar to HIIEC, although the nuclei appear
stained with 100 ng/ml DAPI (Sigma)otar TO-PRO-3 1:750 (Molecular Probes). larger and slightly less organized. Percentagee of BrdUrd labeling in HMEC and

s HMEC+E7 structures is expressed as the BrdUrd labeling index from three separate
Proliferation Assay. rBM cultures were prepared as above with the fol- experitients (E: har., SD). ApproximatelN 90% of HNtEC were growth arrested as

lowing exceptions. Ten j.u BrdUrd was added to the culture medium 12 h compared with HMEC+E7 that continued to synthesize DNA. Bar. 20 ,urn.
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r I HMEC HMEC+E7 the expression of cytokeratin 19 (Fig. 4F). These immunofluorescence
0 data were confirmed by Western immunoblot analysis of HMEC and

HMEC+E7 acinar structures, which showed barely detectable levels
of cytokeratin 19 in HMEC+E7 (Fig. 4G).

E-Cadherin 
Discussion

HMEC+E7 are deficient for pRB, a key protein governing cell
cycle regulation and differentiationm thus, formation of even a partially
"differentiated" structure when cultured in rBM was unexpected.
Further investigation showed that although these pRB-deficient cells
were capable of organizing into morphologically normal acini, the

Collagen IV nuclei of these structures appeared to be larger and slightly less

HMEC HMEC+E7
Fig. 3. Localization of E-cadherin and collagen IV in HMEC and HMEC+E7 using

immunofluorescence microscopy. , and B, frozen sections of HNIEC and HMEC+E7
acini, respectively, were stained with a monoclonal anti-E-cadherin antibody, Alexa 488
goat antimouse lgG (H+L), F(ab'). fragment conjugate, and the nuclei were counter-
stained with TO-PRO-3. ConfocaI fluorescence microscopy showed E-cadherin localiza-
tion at points of cell-cell contact (4 and B, arrows). C and D, frozen sections of HMEC Cytokeratin 18
and HMEC+E7 acin, respectively. were stained with a monoclonal anti-collaen IV
antibody and goat antimouse IgGI-FITC. Collagen IV was localized in a continuous BM
(arrowheads) at the basal surface of HMEC (C) and HMEC +E7 (D) structures. Bar, 20 ctit.

normal HMEC organized into differentiated acini -55 pxm in diam-
eter (Fig. 2A). A 5-Am frozen section of a representative structure
stained with DAPI revealed a ring of basally located nuclei (Fig. 2B). Lactoferrin
HMEC+E7 also formed morphologically normal-appearing acinar
structures when cultured in rBM (Fig. 2C). The HMEC+E7 acini
were similar in size to the parental structures, although DAPI staining
revealed somewhat larger and slightly less organized nuclei (Fig. 2D).
Additionally, HMEC acini had growth arrested, as determined by
minor BrdUrd incorporation similar to levels reported previously (15);
however, a significant increase in BrdUrd labeling was observed in
HMEC+E7 (Fig. 2E). Cytokeratin 19

Normal Localization of E-cadherin and Type IV Collagen in
HMEC+E7 Acinar Structures. HMEC+E7 were examined for the
expression of proteins shown previously to have distinctive localiza-
tion patterns characteristic of organogenesis in normal HMEC acini
(15). HMEC and HMEC+E7 rBM cultures were fixed, frozen, cut
into 5-Atm sections, and stained with the indicated primary antibodies G
and corresponding secondary antibodies. In normal HMEC acinar HMEC HMEC+E7

structures, the cell-cell adhesion protein E-cadherin was localized to kDa
points of cell-cell contact (Fig. 3A). This same pattern of E-cadherin -66
expression at points of cell-cell contact was present in the HMEC+E7
structures (Fig. 3B). Collagen IV was basally deposited in a contin-
uous BM surrounding the normal HMEC structures when cultured in -46
rBM (Fig. 3C). HMEC+E7 acini also deposited a basal collagen Cytokeratin 19--M
IV-containing BM (Fig. 3D).

Lactoferrin and Cytokeratin 19 Are Not Expressed in Struc- -30
turally Differentiated HMEC+E7. The proteins lactoferrin and cy-
tokeratin 19 are markers for differentiation in luminal breast epithelial
cells (16-18). HMEC and HMEC+E7 were prepared as described -21
above and examined for the expression of lactoferrin and cytokeratin -14
19. HMEC and HMEC+E7 acinar structures were identified by the
presence of the luminal marker cytokeratin 18 (Fig. 4A and B, respec- Fig. 4. Expression of cytokeratin 18, lactoferrin. and cytokeratin 19 in HMEC and

tively) and the absence of the myoepithelial marker cytokeratin 14 HMEC+E7 acinar structures using immunofluorescence microscopy and Western immu-

(data not shown). Lactoferrin is an iron-binding milk protein that was noblot analysis. A and B, frozen sections of HMEC and HMEC+E7, respectively, were

expressed in the normal HMEC acini (Fig. 4C). In contrast, immu- stained with a monoclonal cytokeratin IS antibody and goat antimouse IgGI-FITC to
confirm that structures were of luminal origin. Frozen sections of HNIEC (C and E) and

nofluorescence analysis of HMEC+E7 structures demonstrated the HNIEC+E7 (D and F) were stained for lactoferrin IC and D), cytokeratin 19 (E and Fl,

absence of lactoferrin (Fig. 4D). As expected, structures derived from and the nuclei were visualized with a DAPI counterstain (C and M). Protein lysates from
HMEC and HMEC+E7 acinar structures were analyzed by SDS-PAGE and ittutUnoblot-normal HMEC expressed the luminal differentiation marker cyto- ting with a monoclonal anti-cytokeratin 19 antibody (G). HMEC+E7 acinar structures

keratin 19 (Fig. 4E). HMEC+E7 acini, however, were deficient for were deficient for both lactoferrin and cytokeratin 19 expression. Bar, 20 ýcnt.
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